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SECTION 1 

INTRODUCTION 

This report  contains the results of an investigation to  assess the potential for loss of the 
Space Shuttle vehicle due to  single-point hydraulic system failures. 

The assessment was authorized by contracts NA9-14960 and NAS-9-15550, Task Order 
No. G0908, from the NASA Lyndon B. Johnson Space Center (NASA-JSC) to  the 
McDonnell Douglas Technical Service Company, Houston Astronautics Division 
supported by the Douglas Aircraft Company a t  Long Beach, California. 

The study was conducted during the 9-month period'from October 3, 1977 through 
June  30, 1978. The purpose of the study was to establish the rationale for retaining the 
existing hydraulic systems or, alternatively, to identify the rationale for and nature of 
any appropriate changes. The schedule for the assessment is shown in Figure 1-1. 

1.ORlENTATlON AT JSC 

2 ORIENTATION AT R I  
3. START ASSESSMENT 
4. MIDTERM BRIEFING 

AND MSFC 

AT JSC 

NOTE: DOTTED SYMBOLS h INDICATE 
ORIGINAL MILESTONES. 

I 

6 F-INAL-BRIEFING AT JSC 6/23/78 
6. FINAL BRIEFING AT Ha 7/11/78 
7. FINAL REPORT 811 1 /78 

SUBMITTED 

FIGURE 1-1. SCHEDULE SPACE SHUTTLE HYDRAULIC SYSTEMS ASSESSMENT 
0 

1 



SECTION 2 

SUMMARY 
f 

The findings and recommendations included in this report apply to  the operational Space 
Shuttle although some of the recommendations have been incorporated into the Orbital 
Flight Test (OFT) vehicle. The Booster and Orbiter hydraulic systems were assessed 
independently except for launch performance effects. The baseline system evaluated 
was that  released for the OV102 OFT vehicle; that  system was chosen for study based on 
the assumption that  the OV102 configuration would be carried through into the 
operational vehicles. Some revisions approved by the NASA Change Control Board 
(CCB), and for which engineering data were provided, have also been considered. 

The assessment of the Solid Rocket Booster (SRB) hydraulic system indicates no major 
changes are needed for the system architecture. However, numerous items were 
identified in the power system and thrust vector control (TVC) actuators as single failure 
points (SFPs) which could result in a Criticality Category 1 condition (loss of life and/or 
vehicle). The status of these reported SFPs is included in the text of this report. There 
are also many SFPs in the Orbiter which can result in Criticality Category 1 conditions. 

I 

It is the opinion of this assessment team that the reliability requirements of the 
operational Space Shuttle vehicles, because of their costly payloads and highly trained 
crews, should be at least equal to those of a military transport. The hydraulic and flight 
control system architecture as presently designed (for OVlO2) does not provide this 
degree of reliability. The elevon system architecture is particularly deficient in this 
respect. It may be rationalized that with extensive quality assurance activities, a limited 
number of test flights may be an acceptable risk. However, for the 10-year biweekly 
operational flight program, the risk appears to be excessive. 

PAGE ’ INTENTIONALLY BLANK 3 

* *.. - .  



I 

SECTION 3 

INVESTIGATION 

3.1 ASSESSMENT TEAM MEMBERS 

J. A. Chamberlin 
McDonnell Douglas Technical Service Co. 
Houston, Texas 

D. F. Greene, Senior Engineer 
Mechanical Engineering Department 
Douglas Aircraft Co. 
Long Beach, California 

- 
D. E. Evans, Senior Engineer 
Mechanical Engineering Department 
Douglas Aircraft Co. 
Long Beach, California 

C. H. Goldthorpe, Senior Engineer 
Mechanical Engineering Department 
Douglas Aircraft Co. 
Long Beach, California 

D. M. Beck, Senior Engineer 
Reliability and Safety Engineering Department 
Douglas Aircraft Co. 
Long Beach, California 

J. Little, Consulting Engineer 
Senior Hydraulic Engineer 
Douglas Aircraft Co. 
Long Beach, California 

Technical Manager 

Principal Engineer 

Hydraulic Systems 

Servocontrols 

Safety and Reliability 

Architectural 
Assessment 

3.2 ORIENTATION AND DATA COLLECTION 

Presentations a t  NASA-JSC and NASA-MSFC were provided the assessment team 
prior to commencement of the study in order to  orient the team with the Space Shuttle 
design requirements, construction, and performance. The known areas of hydraulic 
system reliability concern were described. The team then proceeded to the Rockwell In- 
ternat6nal facility at  Downey, California where the Space Shuttle mockup and various 
test facilities were examined. Numerous technical and historical documents were provid- 
ed the team for study and to illustrate the baseline for Orbital Flight Test (OFT) vehicle 

5 
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OV102. A s  a result of these orientation activities, the assessment team prepared a 
preliminary list of drawings and data needed to accomplish the requested hydraulic 
system assessment. This list was periodically expanded as  additional necessary informa- 
tion was identified (reference Appendix Cj. 

The NASA Task Monitor, R. D. White, provided the interface with the Space Shuttle 
technical managers, contractors, and vendors to define the OV102 baseline systems and 
the planned or contemplated modifications of the current baseline. In addition, he ob- 
tained and provided the assessment team with appropriate system design and installa- 
tion drawings, equipment specifications, detailed drawings of the components, system 
test configurations, and test results. 

3.3 SYSTEMS REVIEW 

Information defining the Solid Rocket Booster (SRB) was received in sufficient quantity 
to permit commencement of the assessment the first week in October 1977. As additional 
data and documents for the SRB and Orbiter were supplied, they were catalogued until 
sufficient information for each subsystem or component was on hand to permit 
assessment. (Lists of documents and drawings supplied by NASA are included in 
Appendix C., 

Drawings and documents defining the hydraulic systems on the SRB and Orbiter vehicle 
were examined by team members to accomplish the following: 

1. Assess the potential for loss of the operational Space Shuttle vehicle due to failures 
in the  hydraulic/actuation systems. Primary consideration was given to single-point 
hydraulic-system failures (e.g., seals and hydraulic system interconnections). 

Identify viable system/subsystem alternatives required to correct any system 
deficiencies disclosed, taking into consideration reliability, system impact, and pro- 
gram posture. Thc gross cost, weight, schedule implications, and design concepts 
were given for the alternative systems identified. The compatibility of any proposed 
alternative systems with the current vehicle systems (structures, avionics, 
hydraulics) was studied, considering the design and test maturity of the vehicles at 
this point in the program. 

1’ 

2. 

3. Consideration was given to the impact on the total vehicle, the test program 
schedule, the Orbital- Flight Test (OFT), and the Shuttle vehicle production 
schedule. The possibility of phasing in a proposed upgraded configuration, a t  an ef- 
fectivity which will avoid significant impact on the planned flight schedule, was also 
consider6d. 



The assessment effort was broken into three major elements: (1) power and utility 
systems, (2) servo control systems, and (3) system architecture. To facilitate the 
identification of single failure points (SFPs) and single failure conditions (SFCs), a fault 
tree was generated to provide a pictorial representation of the sequence of events 
leading from an SFP or SFC to the vehicle loss. These SFPs and SFCs were determined 
by examining the reliability and safety documentation and by examining schematic 
diagrams, assemblies, and detail drawings of the hydraulic systems. Checklists were 
also developed (see Appendix D) to aid in identifying design deficiencies. . 

3.3.1 Space Shuttle Fault Tree Analysis 

3.3.1.1 Purpose and Scope - The Fault Tree Analysis (FTA), illustrated in Figure 
3-1, was prepared to assure that all SFPS leading to Criticality Category 1 hazards were 
identified and analyzed. The FTA was chosen as  an analytical tool for use in performing 
the assessment because it is an orderly, logical analysis method and because it provides 
overall visibility - that  is, a pictorial representation - of the hazards and their 
relationships. 

The FTA includes all the SRB and Orbiter hydraulic system effectors - Le., elevons, 
rudder/speed brake, body flap, External Tank (ET) umbilical retract, landing gear, 
brakes, SSME fuel and thrust vector controls, and SRB TVC, as  well as their associated 
power distribution systems. It is a qualitative analysis; that  is, it does not give values for 
failure rates and probability numbers are  not calculated. A qualitative FTA was selected 
rather than a quantitative one because of the difficulty in obtaining valid failure ra te  
data for equipment that is essentially tailor-made for Space Shuttle application and for 
which no failure history exists. However, the number of problem items (e.g., SFPs) is 
given in order to  indicate the magnitude of the overall hazard level for the vehicle. 

The FTA is based upon data produced by previously performed failure modes and effects 
analyses (FMEAs). safety analyses, hazard analyses, and other reviews and studies of 

Appendix C, of th i s  report. In  particular, the FTA is based upon the  MDC assessment of 
the hydraulic system and its equipment. 

I 

I 

I 

I 

the hydraulic system. The sources for these data are included in the list of documents, 
I 

I 

The FTA is separated into four portions corresponding to the various phases of a flight, 
namely the ascent (including prelaunch), entry/TAEM, approach and landing, and 
rollout. Separation of the FTA into these phases was based on the effectors used during 
each phase and the associated Criticality Category 1* hazard criteria. For example, the 
effectors used during the phases are: during ascent, the SRB TVC, SSME TVC, and 
elevons; during en try/TAEM, the aerosurfaces; during approach and landing, the 
aerosurfaces plus the landing gear; and during rollout, the braking and steering 
systems: The abort and on-orbit phases were not included because of the large number 
of failure conditions that could be postulated for abort situations, and because the 
hydraulic systems are nonoptrational and at  low pressure while in orbit. 
* h s s  of life andlor vehic le 
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3.3.1.2 Criticality Category 1 Hazard Criteria - The Fault Tree Analysis and the 
MDC assessment a re  based on failures of the hydraulic subsystem that could result in 
loss of life and/or the vehicle. Therefore, the guidelines used to determine such failures 
were the Criticality Category 1 hazard criteria. These criteria are, of course, different 
from abort criteria. The Criticality Category 1 hazard criteria (hereafter referred to  a s  
the hazard criteria) are  given below for the various mission phases. 

For the ascent phase, the analysis includes both the SRB and Orbiter. For the SRB, the 
hazard criterion is loss of TVC on one or both axes. The hazard criteria during ascent for 
the Orbiter are: 

Loss of control of one or more elevon surfaces 
Loss of one SSME TVC (Le., possible engine collision) 
Loss of fuel control on two SSMEs 
Loss of two or  more E T  umbilical retractors on either E T  umbilical 
Loss of two or  more effectors 
Loss of vehicle due to  hydraulic leaks 
Loss of control due to  failures in passive effectors that  have hydraulic pressure 
applied to them (Le., rudder, speed brake, and body flap). 

During the entry/TAEM phase, the hazard criteria are: 

Loss of rudder control 

Loss of control of one or more elevon surfaces 
Loss of speed brake control 

Loss of body flap control 
Loss of two or  more effectors. 

The SSME TVC actuators, SSME fuel controls, and umbilical retraction systems are  
isolated by shutoff valves after the  ascent phase (ET separation). The landing gear, 
braking, and steering systems are isolated by shutoff valves until the approach and 
landing phase (landing gear commanded down). 

In the approach and landing phase, the hazard criteria consist of: 

Same as  entry/TAEM, plus failure of landing gear - main and nose - to extend 
and lock. 

Note that the worst case essentially has been assumed, since in some situations a safe 
landing may be made even if one of the effectors is lost. For example, it may be possible 
to land the Orbiter without body flap control i f  the cg is within certain limits and the en- 
vironnichnt is benign. 

L '  

. '  
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During rollout, a catastrophic hazard could occur due to: 

Loss of braking control (i.e., loss of one or more wheel brake chambers) 
Loss of speed brake control 
Loss of elevon control (two or more surfaces) 
Loss of rudder and nose wheel steering 
Loss of two or more effectors. 

The rollout analysis was based on failures which occur during higher rollout velocities,* 
that  is for velocities a t  which the rudder, speed brake, or elevons a re  effective. The 
higher rollout velocities were used in the analysis for two reasons. First, a t  the lower 
velocities the aerosurfaces become ineffective and their loss would be either inconse- 
quential or possibly result in some damage to the vehicle, but it would not be a Criticality 
Category 1 hazard. Second, a main consideration in causing loss of control during rollout 
is the marginal nature of braking a t  the higher velocities. For example, if rudder control 
were lost at touchdown, subsequent excessive braking might occur causing blown tires, 
loss of directional control, or running off the side of the runway a t  high speed. 

3.3.1.3 Fault Tree Analysis Development - The FTA is a top-down approach to  failure 
analysis, i.e., the fault tree s tar ts  with an undesired event - a Criticality Category 1 
hazard in the case of the Hydraulic System Hazard Assessment - and then identifies the 
various ways it can happen. This contrasts with the approach used in an FMEA. An 
FMEA can be thought of as  a bottom-up approach where modes of system/component 
failures a re  identified and the effects on the vehicle are  evaluated. 

The fault tree itself is a graphic presentation showing the system relationships among 
fault events. Three types of symbols are  used in a fault tree - logic, event, and transfer, 
as shown in Figure 3-2. The logic symbols (gates) are used to interconnect the events 
that contribute to the specified main (TOP) event. The logic gates tha t  are used most 
frequently to develop fault trees are the  basic AND and OR Boolean expressions. The 
AND gate provides an output event only if all input events exist concurrently. The OR 
gate provides an output if one or more of the input events are  present. 

The event symbols are  the rectangle, circle, and diamond. The rectangle represents a 
fault event resulting from a combination of more basic faults acting through logic gates. 
The diamonds and circles are  basic fault events, as described in Figure 3-2, and 
represent the lowest level of development of the fault tree. 

I 

I 

I I 

The triangle indicates a transfer from one part of the fault tree to another. Triangles a re  
used in-two ways. One is to transfer the development of the fault tree to another page. 

*I.oss of brakes was also considered to  hc catastrophic at Slower rollout velocities. 
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LOGIC OPERATIONS (GATES) 

THE "AND" GATE DESCRIBES THE LOGICAL OPERATION WHEREBY THE COEXISTENCE OF A L L  
INPUT EVENTS IS REQUIRED TO PRODUCE THE OUTPUT EVENT. 

THE "OR" GATE DEFINES THE SITUATION WHEREBY THE OUTPUT EVENT WILL EXIST I F  ONE 
OR MORE OF THE INPUT EVENTS EXISTS. 

EVENT REPRESENTATIONS 

THE RECTANGLE IDENTIFIES AN EVENT THAT RESULTS FROM THE COMBINATION OF FAULT 
EVENTS THROUGH THE INPUT LOGIC GATE. 

OLIT,LII 

L * M s  Q 
0 0 
0 

THE CIRCLE DESCRIBES A BASIC FAULT EVENT THAT REQUIRES NO FURTHER DEVELOP- 
MENT, E.G. SINGLE FAILURE POINTS. (SEE FIGURE 3-3 FOR DEFINITION OF SINGLE FAILURE 
POINT SYMBOLS USED I N  THE ASSESSMENT.) 

THE DIAMOND IDENTIFIES A BASIC FAULT EVENT WHICH IS NOT DEVELOPED FURTHER 
BECAUSE THE EVENT DOES NOT PRESENT A HAZARD BY ITSELF BUT ONLY WHEN COMBINED 
WITH AN UNDETECTED FAILURE. 

THE DOUBLE DIAMOND IS USED TO DESCRIBE A FAULT EVENT THAT IS CONSIDERED BASIC 
I N  A GIVEN FAULT TREE. THE POSSIBLE CAUSES OF THE EVENT ARE NOT DEVELOPED, 
BECAUSE MULTIPLE, INDEPENDENT, DETECTABLE FAILURES MUST OCCUR AND THUS THE 
LIKELIHOOD OF FAILURE IS INSIGNIFICANT COMPARED TO THE SINGLE FAILURE POINTS. 

TRANSFER SYMBOLS 

THE TRIANGLES ARE USED AS TRANSFER SYMBOLS. A LINE FROM THE TOP OF THE TRIANGLE 
INDICATES A "TRANSFER IN" AND A LINE FROM THE SIDE DENOTES A "TRANSFER OUT." 

THE UPRIGHT TRIANGLE ( A 1 IS USED WHERE THE SEQUENCE OF EVENTS BEING TRANS- A 
FERRED TO A N O T H E R P A R T ~ F  THE FAULT TREE IS TO HAVE ALL IDENTICAL EVENTS IN 

u 
l e BOTH LOCATIONS. 

" 
THE INVERTED TRIANGLE ( V 1 IS USED WHERE THE SEQUENCE OF EVENTS BEING 
TRANSFERRED TO ANOTHER PART OF THE FAULT TREE ISTO HAVE ONE OR MORE DIFFERENT 
EVENTS I N  THE SECOND LOCATION BUT IS TO BE IDENTICAL I N  FUNCTION. 0 1  

FIGURE 3-2. FAULT TREE ANALYSIS SYMBOLS 

This is necessary because of the limited space availabIe on a page to complete the entire 
fault tree. Second, triangles indicate that an identical development applies in another 
portion of the fault t ree  but is not repeated in order to save space and reduce the 
complexity of the fault tree. Upright triangles are used for the first case and inverted 
triangles a re  used in the second case, as described in Figure 3-2. In order to  facilitate 
locating transfers to another sheet (page) of the fault tree, the number of the sheet 
where the development is shown is given under the upright triangle after the letters SH. 

In the Space Shuttle FTA, circles are depicted in five ways, as  shown in Figure 3-3. 
First, the circles outlined with thin lines indicate SFPs that exist in the hydraulic system 
that have been analyzed by both NASA and MDC and determined to present an 
acceptable risk. Second, the dark circles highlight SFPs determined by MDC to be 
significant problem items. (A significant problem item is one in which an undue risk 
exists of a Criticality Category 1 hazard occurring with the present design.) MDC has 
recommended corrective action to reduce the risk for each of the significant problem 
items. Third, dashed circles u.ith LNL) under the circle indicate that the SFP failure is 
not detected in flight. This constitutes a n  undetected failure case ( l U ) ,  as explained in 
Paragraph 3.3.1.4. Fourth, t hc cross-hatched dark circles indicate that corrective action 

I 

-. 
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SYMBOL DEFINITION 

0 SFP( 1 

0 SFP(  1 

FIGURE 33. - .  

ACCEPTED RISK . 

SIGNIFICANT (NOT ACCEPTABLE) 

UNDETECTED FAILURE 

NO LONGER ASINGLE FAILURE POINT 

ELIMINATED WITH TANDEM ACTUATOR DESIGN 

SINGLE FAILURE POINT SYMBOLS 

taken will eliminate the significant problem as an SFP. In addition, the SFP and quantity 
in parentheses under the cross-hatched circle have lines through them to  indicate that  
the SFP no longer exists. Fifth, an X through a circle indicates that  the SFP for the 
present design would be eliminated by use of the actuator designs proposed by MDC. I 

I 
I 

~ 

The quantity of single failure points per vehicle for that  SFP  is shown in parentheses 
below each point, For undetected failures (dashed circle), an estimated exposure time 
during which the failure could occur and a subsequent failure could result in a Criticality 
Category 1 hazard is shown below the dashed circle (see examples in Figure 3-11. I 

An important fact concerning single failure points on an FTA is that  although the SFP 
~ 

I 

I 

appears near or a t  the bottom of the fault tree, it can directly cause a main (TOP) event 
to occur. This is the case any time a path can be followed from the failure point through 
OR gates to the TOP event. By this means, SFPs can be easily recognized on a fault tree. 

I 

. 
3.3.1.4 Assessment Criticality Category 1 Failure Summary - Figure 3-4 
summarizes the Criticality Category 1 items in the SRB and Orbiter hydraulic actuation 
systems. The majority of the causes of a catastrophic hazard (Criticality Category 1 

, 
I 

I 
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CATEGORY OF FAILURE 
(CRIT) 

SINGLE FAILURE POINT 
(1) 

UNDETECTED FAILURE 
(1U) 

CONDITION * (1) 

SINGLE FAILURE 

SR B 

LEAKS 

LEAKS 

TOTALS 

ORB SRB 

LEAKS 32 

- 16 

SUBTOTAL 
POWER 

D ISTR I BUT ION 
ORB 

203 

13 

- 

SRB ORB 

32 203 

16 13 

16 9 

16 9 48 216 I 64 I 225 

* CONDITION THAT IF IT OCCURS CAN RESULT IN LOSS OF TWO OR MORE HYDRAULIC 
SYSTEMS SIMULTANEOUSLY (E. G,AW FLYING DEBRIS) 

* NOT INCLUDING LEAKS 
FIGURE 34. CRITICALITY CATEGORY 1 SUMMARY - 

OPEN SIGNIFICANT ITEMS 

TOTAL 

VEHICLI 

235 

29 

25 

28; * 

condition) are single failure points. Of the 235 SFPs in the vehicle, 203 are in the Orbiter 
and 32 in the SRB. For the SRB, all the failures are of concern, of course, during the 
ascent phase. The combination of possible SRB and Orbiter SFPs (together with the 
undetected failures and single failure conditions) during ascent makes that phase the 
phase during which the largest number of Criticality Category 1 hazard conditions exist. 
Ascent is also the phase during which the most severe environmental conditions exist 
(except possibly during the entry phase). However, the ascent phase is of relatively 
short duration - about 2 minutes for the SRB and about 13 for the Orbiter. 

The phases presenting the greatest hazard to  hydraulic systems may be the later ones 
because significantly greater time exists for occurrence of Criticality Category 1 
failures. For example, the exposure time for a catastrophic failure during ascent for the 
SRB - about 2 minutes - compares with an exposure time for failure of an 
aerosurface actuator or an external leak that could be as long as 43,200 minutes for a 
30-day mission. Note: The great majority of the 43,200 minutes would be on-orbit time 
during which the hydraulic pressure in the hydraulic systems is considerably reduced 
and the actuators are  not operating. Nevertheless, the possibility that  a failure will 
occur during @e long exposure time on orbit is a definite factor in considering the overall 
chance of failure occurring during the mission. 

.I- 
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In regard to  long failure exposure times, the effects of undetected failures were studied 
in the assessment. An undetected failure is defined as “a passive failure in flight that  is 
not detected and annunciated and its effects are unobservable.” Thus it is a failure that is 
unknown to  the flight or ground crew. Accordingly, the failure can exist undetected for a 
long period of time. 

The undetected failure does not by itself create a hazardous situation; however, it 
becomes critical when, combined with a subsequent failure, it precipitates a catastrophic 
accident. This is particularly significant in the cases where the subsequent failure would 
not otherwise present a hazard. An example is loss of a hydraulic system. Loss of one 
hydraulic system could be the cause for an abort, but the vehicle and crew could be 
safely recovered; thus  the hydraulic system loss would not be a catastrophic, Criticality 
Category 1 hazard. However, if a body flap hydraulic brake had previously failed t o  the 
off condition (an undetected failure), then the loss of one hydraulic system could be 
catastrophic due to loss of body flap control. 

The significant point is that after an undetected failure, the flight will continue without 
the crew knowing they are  one failure away from the drastic consequences of a single 
failure - a single fadure that has a relatively high probability of occurring and that now 
will be catastrophic. This is in contrast to  the situation where the first failure is detected 
and the flight crew can prepare for a subsequent failure by aborting, returning to earth 
early, deactivating certain equipment, etc. 

Inherent in the meaning of failure detection is that  the occurrence of the failure is made 
known to  the flight or  ground crew within a reasonably short time. A failure that is 
detected only by telemetry and is recorded on tape along with other data, and is not 
looked a t  for a long time afterward, is not classified as  a “detected” failure since it was 
not known soon after its occurrence. 

I 

The undetected failures have been categorized as Criticality Category 1U in the 
assessment. The 1 U  category indicates that  a failure can occur without being known and, 
during the time subsequent to this failure - which can be a long time - the occurrence 
of one more failure can result in a Criticality Category 1 hazard. 

A Criticality Category 1U failure and a Criticality Category 1R failure differ in two 
ways. First, Criticality Category 1R is used to indicate that an undetected failure could 
occur in a redundant component of a critical system., A Criticality 1R failure results in 
loss of part  of a redundant system without the loss being known. However, there may be 
no single additional failure subsequent to and in combination with the 1R failure that 
would result in a catastrophic accident. Second, a Criticality Category 1R failure must 
occur in a redundant component whereas a Criticality 1U failure may occur in a 
redundant or a nonredundant component. 
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A feature that is common to both the Criticality 1R and 1U failures is that it is especially 
important to assure €hat they are  checked for prior to each flight. The 1R- and 1U-type 
failures should be checked for during the prelaunch checks and as near to liftoff as 
possible in order to reduce the exposure time for such failures and thus  reduce their 
likelihood of occurrence. 

The single failure conditions (SFCs) in the assessment refer to conditions such as pump 
ripples and surges or  vibration and acoustics which could cause the hydraulic system to 
fail. An SFC is not a failure of a hydraulic system component; however, each SFC 
represents a single failure cause that could result in loss of two or more hydraulic 
systems, a Criticality Category 1 hazard, and thus is included in the assessment. 

3.3.2 Power and Utility Systems 

3.3.2.1 Solid Rocket Booster - There are  three situations in the SRB hydraulic power 
- systems where a single condition or generic fault may result in a Criticality Category 1 

failure. These a re  (1) reservoir overfilling, (2) pump pressure line failure, and (3) mount- 
ing of a manual shutoff valve. 

3.3.2.1.1 Reservoir Overfilling - Each solid rocket booster has two hydraulic power 
systems. The assessment team was informed that the hydraulic reservoir in each system 
is to  be filled 70 percent full prior to operation; however, no documentation for this 
requirement was provided. There is an automatic launch hold if the reservoir is less than 
50 percent full, but there is no similar upper limit. If a reservoir were filled above 86 per- 
cent at ambient temperature, it probably would burst in flight. This would occur because 
the system temperature increases about 1800F and this would cause sufficient expansion 
of the  oil to  bottom the reservoir piston. When this occurred, the reservoir oil pressure 
would rise and the low pressure reliei valve would open. The exhaust line on this relief 
valve is capped in flight at the service panel. For this reason, the  reservoir pressure can- 
not be relieved and the reservoir would burst. 

If the above situation is combined with a previously undetected failure in the second 
system, the result would be a Category 1U failure. I t  could well be that the person 
assigned to fill the reservoirs would overfill both of them. This would be a generic pro- 
blem in which a single personal error would result in a dual failure, and loss of both 
hydraulic systems. This would be a Criticality Category 1 condition. 

The following actions are  recommended to  correct this condition: 

1. Provide an overboard vent which is open in flight for the low-pressure relief valve. 
This is abreferred solution. 
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2. As an alternative, the following may be done: 

Limit maximum oil fill volume to  80 percent of reservoir.capacity. 
Check reservoir volume a t  countdown. 
Provide an automatic launch hold for both minimum and maximum oil volume. 

3.3.2.1.2 Pump Pressure Line Failure - The pump pressure line is a short length of 
hose followed by a hard line to the check valve and filter. The length of hose and hard 
line is within a few inches of the same length as the original Douglas DC-10 aircraft pump 
hose lines. The DC-10 installation developed a serious problem because of pump ripple 
with 1250-psi peak-to-peak pressure variations. This resulted in several line failures a t  a 
life of approximately 40 hours. After considerable analysis, and test of several configura- 
tions, a satisfactory solution was found that reduced pump ripple to  125 psi peak-to-peak 
yet  did not reduce operating life. It consisted of a pump ripple attenuator, a small hollow 
spheroid about 5 inches in diameter, and a longer hose. The configurations, both before 
and after, are shown in Figure 3-5. 

The configurations of the SRB and DC-10 pump line routings are  sufficiently alike to 
cause concern that  the SRB would encounter this kind of problem. The tests conducted 
on the SRB system did not incorporate a pressure transducer next to the pump. The only 
pressure measurement taken was inside the fluid manifold assembly using a normal 
response transducer. Pressure measurements were recorded only five times per second. 
It is most unlikely that this test would reveal the existence of a pump ripple problem. 

It is recommended that pump ripple and its effect on the operating life of the line be 
determined. The Douglas experience with this type of problem indicates that the test 
article must be the same as thaE used in production assembly. In addition, only a high- 
response (10 kHz) instrument such as a Kistler pressure transducer will provide 
accurate data. It is furthermore necessary to display the Kistler output on an 
oscilloscope or continuous high-speed recorder. Pressure measurements should be made 
a t  both ends of the pump pressure line. In our experience, these things are mandatory to 
evaluate the problem. With an average life as low as 40 hours, the probability of a dual 
generic failure becomes unacceptably high. If the existing pressure line configuration 
has insufficient life, some combination of a longer hose and a pressure attenuator 
chamber may be required. 

3.3.2.1.3 Manual Shutoff Valve - Two manual bleed valves are  provided for each 
hydraulic power system on the Solid Rocket Booster. These valves are mounted by 
clamping the valve body in  a circular hole in the service panel with a jam nut. This is 
shown in Figure 3-6. The valve is opened and closed by applying a wrench torque to the 
projecting hexagonal stem. If excessive torque is applied when opening or closing the e 
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valve, it may rot 

- FIGURE 3-6. MANUAL SHUTOFF VALVE 

te in the service panel. This could deform t h  tubing nd loosen the  
tube fittings. This is a generic problem and could very well occur on both hydraulic 
systems a t  one time. 

The recommended correction is very simple. A small metal plate which bears against the 
flat of the valve body hex and is riveted to the service panel would prevent valve rota- 
tion. In addition, the jam nut should be lock-wired in place. These two things will pre- 
vent valve rotation and resulting tube deformation and leakage. 

3.3.2.2 Orbiter Power and Utility Systems - The assessment of the Orbiter power 
and utility systems included a review of all components and lines in the power and utility 
systems with the exception of the water spray boiler and the nose gear steering. Data 
were not available for a review of these two items. Information on the water spray boiler 
has now been received and it will be reviewed a t  an early date. Servo actuators were 
reviewed as  a group and are  not included in the power and utility section discussion. 

Many potential failures could not be considered a Criticality Category 1 condition 
because the effect of a single failure was confined to one power system. 

Four situations exist in the Orbiter power and utility systems where a single failure may 
result in a Criticality Category 1 condition. These problems result from (1) hydraulic 
fluid leakage and spills, (2) leakage of Freon into hydraulic fluid, (3) failure of brakes as  a 
result of tire blowout or thrown tread, and (4) external leakage a t  the brake control 
valve module. 
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3.3.2.2.1 Hydraulic Fluid Leakage and Spills - External hydraulic leakage is a prob- 
lem that has existed in airplanes for many years. The best of modern systems used in 
current wide-bodied transports are a great improvement over those used in earlier air- 
craft. This is the result of improved fitting designs, better joints between lines and fit- 
tings, and increased use of permanent methods for joining tubing such as  brazing, swag- 
ing, and welding. External leakage on the major three wide-bodied transports (DC-10, 
B747, and L-1011) is about the same in spite of their use of different detail hardware. 
Leakage is still a problem even with the best available technology. 

Figure 3-7 shows a manufacturing tool for development of the hydraulic power systems 
on Orbiter Bulkhead 1307. The bulk of the equipment for three power systems is 
mounted here. There is little separation of systems and many small areas have lines and 
components from all three systems. This means that a catastrophic event such as  a 
turbine explosion or  a fire could result in the loss of fluid from all three systems. There 
are also many opportunities for leakage in this small space. The three systems should be 
separated, each to its own area, and barriers should be used to prevent fire or  high- 

< velocity debris from crossing from one area to another. 

The design technology used in the Orbiter hydraulic power system components and lines 
is equivalent to that  of current wide-bodied transport aircraft. The vibration environ- 
ment in which the systems operate is much more severe than that of the aircraft. Also, 
the long periods in orbit even a t  lower pressure have a potential for the occurrence of 
failure. Therefore, it seems reasonable to assume a somewhat higher incidence of 
leakage will occur than in current transport aircraft. 

The Rockwell International (RI) hydraulic system Schematic Drawing VS70-580997 
shows several instances where a reduckr fitting makes a very large change in a line size. 
One case has a 3/8-inch-diameter line teed into a 1-1/4-inch-diarneter line. In this situa- 
tion, the small line is very likely to fail since the mass of the fitting and large line forces. 
the small line through large vibratory amplitudes and soon causes fatigue failures. This 
problem has resulted in a standard design practice a t  Douglas Aircraft Company - 
change line diameters a maximum of two standard line sizes. On the DC-10, t h e  
hydraulic lines are made of Armco 21-6-9 stainless steel tubing, but similar criteria for 
titanium lines and fittings should be generated for the Orbiter. 

The RI schematic also shows the pump case drain line connected to a return line. The 
return line may experience high momentary flows that cause a rise in pressure sufficient 
to burst a pump case. This can occur in spite of the check valve which may not close fast 
enough to protect the pump. This situation has occurred on earlier Douglas airplanes and 
it is now stanaard practice to connect p u m p  case drain to the reservoir with a dedicated 
line. This condition should be evaluated in the hydraulic system test program. Q 
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Based on what occurs in transport aircraft and the review of the Orbiter hydraulic 
system design, the following things probably would be causes of leakage. 

1. Pressure surges and pump pressure ripple caused by: 

Rapid valve closure 
High flow surges in return line 
Hydraulic resonance in pump pressure line 

2. Vehicle vibration causing: 

Loosened fittings 

Lines not properly matched a t  installation 

Abrasion of lines against lines or structure 
Fatigue of small line a t  reducer fittings having large line-size difference 

- 
3. 

4. Servicing mishaps and large oil spills 

3.3.2.2.1.1 Loss of Thermal Protection System (TPS) Tiles - External leakage can 
seep through skin joints and soak the TPS tiles which are  porous. Tests have been made 
which show that a tile can absorb 700 to 800 percent of its dry weight in oil. Hydraulic oil 
does not affect the bond joint strength. However, during ascent the high vibration 
environment combined with the greater mass of a soaked tile can cause bond line load to 
exceed its strength capability. Some tiles may fall off during ascent. The critical condi- 
tion occurs during reentry where the prior loss of a tile can result in a catastrophic 
primary structure failure from aerodynamic heating. (This condition is discussed in 
NASA report  V9ES-135 dated January, 1978.) 

The TPS tiles a re  coated on the sides to prevent absorption of moisture. On the inboard 
face, the tiles a re  bonded to a Nomex felt pad. NASA-JSC has suggested that  these 
coating materials may act as a barrier against hydraulic fluid. The capability of the 
materials to survive multiple reentries and permit breathing or outgasing during ascent 
while still acting as  an effective barrier against moisture and hydraulic fluid a re  essential 
characteristics. This possibility should be investigated. 

3.3.2.2.1.2 Fire Hazard - The pump for each hydraulic power system is independ- 
ently driven by a hydrazine-fueled hot gas turbine. There are hot spots on the turbine 
and its exhaust pipe that expose up to 1000°F surface temperatures. RI  has proposed 
coating the auxiliary power unit (APU) and its exhaust pipe to prevent the ignition of 
hydrazine a t  500°F. This treatment may also prevent hydraulic fires, but lack of detail 
information prevents making a positive statement. Hydraulic fluid has an autogenous ig- 
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nition temperature of 65O0F and a flash point of -lOO°F. A hydraulic leak could be a solid ) I  
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stream of fluid, a spray, or a fog, depending on the line pressure and the shape and size 
of the leak. It appears that  well-atomized hydraulic fluid in a low-altitude air environ- 
ment could cause an explosion with APU surface temperatures a t  500°F. 

e 

According to RI, it was not possible to treat  a 2-1/2-square-inch aperture a t  the gas 
generator “well” area, and as  a consequence exposed surfaces exceeding 500°F will 
exist. RI has proposed that this condition be considered an “acceptable risk” for 
hydrazine. The problem evaluation and its proposed solution are  reported in the follow- 
ing two documents: 

1. 
2. 

APU Hydrazine Hot Surface Ignition Evaluation, TSR, January 1978. 
Rockwell letter to Johnson Space Center, 78MA1885 dated April 19,1978. 

e 

It is suggested that  the’ 2-1/2-square-inch aperture a t  the gas generator injector well 
might be protected by a device based on the principle of a Davy’s miner’s lamp. One or 
more screens could be used. This approach could not be evaluated because of lack of data 
on the gas generator injector. 

The problem of hydraulic fire or explosion should be evaluated in parallel with the pro- 
posal made for the  control of hydrazine fires. 

3.3.2.2.1.3 Hydrazine Line Insulation - A third problem is associated with the effects 
of wetting hydrazine line insulation with hydraulic oil. The insulation blankets are  a 
fibrous material covered on one side with a thin, stainless steel foil. These blankets can- 
not be sealed because the change in atmospheric pressure would rupture an unvented 
cover. The hydrazine line blankets may therefore have spots wet with hydraulic fluid. 
The hydrazine lines incorporate thermal sensors which automatically control electrical 
line heaters. By these means th6  lines are  intended to maintain a minimum temperature 
of 5 5 O  to 65OF in a cold environment. 

If a segment of the hydrazine line insulation is wet with hydraulic fluid, that  portion will 
have a higher thermal conductivity and therefore a lower temperature than other parts 
of the line. If this occurs adjacent to a thermal sensor, it will call for more heat and other 
parts of the line will exceed 150°F, the maximum allowable hydrazine temperature. On 
the other hand, if a wet spot exists away from a thermal sensor, that  point will go below 
35OF, the freezing point of hydrazine, and with a frozen plug of hydrazine, the APU 
could not be started.  Either of these two conditions is unacceptable. 

These problems are described in the following documents: 

1. 
2. 

NASA Memorandum ES3 4-11/77-204111, November 22,1977. 
Rockwell International internal letter SEH-ITA-77-262, November 22, 1977. 



3.3.2.2.1.4 
leakage and to provide protection from its effects. 

Recommendations - Many things can be done to minimize the incidence of 

There should be a special inspection of the hydraulic system in addition to all the inspec- 
tions now required. It would be directed toward hydraulic leakage alone, and for this 
reason may reveal problems not already found. This is occasionally done a t  Douglas to 
solve a particularly troublesome problem. This inspection should check for proper fit of 
lines by loosening tube supports and fittings to see if lines have been forced into position 
a t  installation. The spacing of line support should be checked, along with the minimum 
clearance between lines and structure or other lines. This may be done by using a wood 
dowel a s  a "go" gage to verify proper clearances. 

In view of the high vibration environment, tube fittings, caps, plugs, and bolt heads or 
nuts should be lock-wired. 

The hydraulic system test program should evaluate the magnitude of pressure surges 
and pump pressure ripple. These things may be caused by rapid closure of valves and 
resonant conditions in lines. Problems of this kind can normally be detected only with 
high-response pressure transducers such as  the Kistler gage which are  capable of good 
fidelity up to about 10 kHz. 

- 

The flow of external hydraulic leakage should be controlled and directed to points where 
it does no harm. Oil leakage onto TPS tiles can be minimized by sealing around skin 
rivets and skin lap joints with a bead of sealant. This is done to seal pressurized compart- 
ments in transport aircraft, and it can be done after the structure is completely assem- 
bled. TPS tiles should be coated or sealed to prevent the absorption of hydraulic fluid. 
The cement used for their attachment to structures should also act as a hydraulic fluid 
sealant. Leakage flow can often Le directed to sumps, overboard drains, and containers. 
There should be procedures which are rigorously followed for cleaning up accidental 
spills during servicing and for inspecting the TPS tiles for contamination. 

The APUs and hydrazine line insulation should be protected from hydraulic leakage and 
sprays. This could be done with shields which protect these items from jets or sprays of 
hydraulic fluid. 

Failures of the main engine turbine pumps have been reported. In  the event that  turbine 
blades were not contained, they could damage the SSME actuators and hydraulic lines 
and the body flap valve module and lines. The APU turbine has also failed in tests. 
Although the turbine blades were contained, the housing was cracked. This appears to 
be a marginal condition with respect to turbine blade containment. Components and pip- 
ing on Bulkhead 1307 are  vulnerable to flying debris. Efforts to ensure containment of 
parts for both of these turbines are continuing. To avoid catastrophic failures in the 
hydraulic power system, it is also important to provide protection for local areas where 
piping for all three systems converge. 
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3.3.2.2.2 Leakage of Freon Into Hydraulic Oil - A Freon heat exchaiger is provided 
to warm the hydraulic fluid. I t  has a brazed plate and fin core with a welded sheet metal 
case. The single heat exchanger has independent and physically separated passages for 
each of the three hydraulic power systems. Two independent Freon pumping systems 
supply warm Freon 21 which passes adjacent to all three hydraulic chambers. Freon 
pressure is 320 psia maximum and hydraulic pressure is 150 psig maximum. 

- 
The construction of the heat exchanger involves many welds joining sheets of corrosion- 
resistant steel ranging from 0.046 to 0.079 inch thick. These joints are  vulnerable to  
failure in a high vibration environment. The failure of a single welded joint would leak 
Freon into only one of the three hydraulic power systems. However, the Freon would 
eventually reach flight control and utility actuators and in some cases areas downstream 
of switching valves. There, the Freon 21 could attack Buna N seals since the two are an 
“unsatisfactory” combination. Such a failure of an external downstream of a switching 
valve could dump the hydraulic fluid from a primary system and its backup system. This 
can produce a Criticality Category 1 condition. 

NASA-JSC personnel have indicated that a change to another type of Freon which is 
compatible with Buna N seals is not possible because of thermodynamic constraints. 
Likewise, changing all hydraulic seals is not a practical solution. 

There is a second problem associated with Freon leakage. In the range of temperatures 
(llOo to  275OF) and pressures (25 to 115 psia) that  exist a t  the main pump and circulation 
pump inlets, Freon 21 is either a wet or superheated vapor. This means that very small 
concentrations of Freon 21 would cause mild pump cavitation. Large amounts would 
cause major cavitation or pump starvation because of vapor lock. Major amounts of 
vaporized Freon would also drive hydraulic oil out of the reservoir and exhaust it over- 
board. The effect of Freon on servocontrol performance is unknown. Because the pump 
cavitation effects of a single leak are confined to one hydraulic power system, they are 
not Criticality Category 1 items. They should nevertheless be evaluated. 

e 

3.3.2.2.2.1 Recommendations - No vibration test is called for on the Freon heat 
exchanger during production acceptance testing. Such a test should be specified. It 
would help to reveal which heat exchangers are  apt to  fail in a real pressure and vibra- 
tion environment. 

The effect of various mixtures of Freon 21 and hydraulic fluid on Buna N packings 
should be evaluated over the range of operating temperatures. This should establish a 
time factor for packing life. In addition, the effect of various Freon mixtures on pump 
cavitation and servocontrol performance must be evaluated. 

Finally, the hydraulic fluid should be periodically analyzed to determine whether Freon 
leakage was occurred and, if so, to determine its extent. This type of sampling should be 
done before and after the first flight and at  less frequent intervals if the,experience is 
good. 

e 

I 
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3.3.2.2.3 Landing Gear Braking System - Once the Orbiter has touched down, vehi- 
cle deceleration is accomplished by a set  of brakes on each of the four wheels in the main 
landing gear. The braking system is designed to  operate on multiple hydraulic power 
systems for redundancy. It also incorporates an antiskid system to attain optimum brak- 
ing effort. Each hydraulic system contains a pressure reducer valve to provide 1500 psi 
to each brake system manifold. Displacement limiting valves are provided so that a fluid 
leak a t  any point downstream of the brake control valves will be limited. See Figure 3-8 
for a schematic drawing. 

Certain types of failures in the brake actuation system in the wheels, in the brake control 
valve, and in the brake fluid lines can result in a Criticality Category 1 condition. These 
failures can result in a loss of all of the braking effort on one main landing gear or half of 
the effort on the entire vehicle brake system. 

All of these types of failures impair the Orbiter's ability to stop. Based on ongoing 
analysis and tests of the braking system by NASA, it is possible that certain brake 
failure modes may result in serious vehicle problems. These are: 

* 

1. With no brakes on one wheel 
overrun the runway a t  KSC. 

two chamber sets inoperative), the Orbiter may 

FIGURE 3-8. WHEEL RRAKE SUBSYSTEM 
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2. If Systems 1 and 3 or 2 and 3 are lost as  a result of a single failure in the brake 
control valve, only half of the brake chambers are effective. With a 32,000-pound 
payload and the brake application started a t  174 knots, the braking distance will 
probably be excessive. 

0 

It is recommended that the probability of hydraulic power supply failures be minimized. 
These problems are  described in the following paragraphs with suggestions for limiting 
their occurrence. The analysis of brake failures and their effect on stopping distances 
should be continued. Finally, if stopping distance is a problem, alternative methods of 
stopping the Orbiter should be evaluated. These might include parachutes, arresting 
cables, or  the like. 

3.3.2.2.3.1 Failure of Brakes as  a Result of Tire Blowout - On each of the two main 
landing gears, the four hydraulic lines to  the brakes are located on the aft side of the 
shock strut. If a tire should blow out or a tread come loose on landing, a piece of tread 
could destroy all four lines. This would leave one landing gear with no brakes. The 
unbalanced braking and the reduced braking capability will affect directional control and 
may cause the Orbiter to overrun the end of the runway. 

It is recommended that two brake lines be located on the forward side of the shock s t ru t  
and two on the aft side. A set of dummy torque links can be used to support the forward 
brake hoses (see Figure 3-9). This is consistent with separation of redundant systems 
and is the  configuration used on commercial transport aircraft. 

FIGURE 3-9. MAIN LANDING GEAR HOSE LOCATION 
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3.3.2.2.3.2 External Leakage a t  Brake Control Valve Module - Each main landing 
gear has two brake/skid control valve modules. Each module is connected to a primary 
(P,) and a standby (P,) hydraulic power system. Each module incorporates inlet filters, 
pressure-operated bypass valves, a switching valve, control valves, flow displacement 
limiter valves, outlet filters, and pressure transducers. A schematic drawing of this 
valve is shown in Figure 3-10. 

An external leak downstream of the switching valve but upstream of the flow displace- 
ment limiter valves could dump all the fluid from both the primary and standby 
hydraulic power systems. This would be a Criticality Category 1 failure. I t  would 
adversely affect the performance of the flight control system. In addition, only half of the 
normal braking effort might be available. All of this could occur only after the landing 
gear shutoff valves were opened. 

The following single point failures can cause the problems noted above: 

1. The brake manifold is a proprietary design and only limited examination of the 
drawing was possible. There are many internal drilled passages in the manifold 
which contain Lee plugs. Loss of these plugs or substantial leakage past them 
between the switching valve and the flow limiter in either pressure or return 
passages could result in the loss of P, and P,. 

Recommendation: 
6 

Add backup locks to ensure plug retention and a leakage barrier. Provide a rip 
stop design on the valve housing. I I 

I 

BYPASS VALVE 

BRAKES BRAKES 0 
FIGURE 310. BRAhE VALVE MODULE 
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2. In the brake switching valve, there are  seals on either side of the brake control 
valve chamber (see Figure 3-11). A failure of either seal will not be detected since 
there is normally no pressure difference across them. If there is a ruptured line in P, 
or P,, the failure of the adjacent seal will permit fluid in the brake control valve 
chamber to be leaked overboard. This will result in a loss of both P, and P, hydraulic 
power systems. 

Recommendation: 
Provide check valves a t  each inlet to the brake control valve module (preferred, 
cost-effective). 
Reduce t h e  diametral clearance between switching valve sleeve and its 
housing. This barrier may reduce leakage to an acceptable level. 

3. It was observed that threaded port plugs were locked with Long-Lok inserts. It is 
questionable whether these locks will remain effective for the 10-year service life of 
the operational system. Loss of these plugs could result in the loss of the P, and P, 
systems. 

Recornmenda t ion: 
Lock-wire all external plugs and caps. 

FAILED SEAL. IS UND~CTED 

FIGURE 3-11. BRAKEhKID CONTROL SWITCHING VALVE 

3.3.2.3 Secondary Problems - This section is concerned with secondary problems 
which do not lead to Criticality Category 1 conditions but nevertheless can contribute to 
poor performance or failure. 

3.3.2.3.1 Pump Delivery - The hydraulic pumps for the Orbiter are controlled by RI 
Specification MC281-0029. The D-01 Amendment to this  document changed the rated 
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rpm to 3918 from 3804. In  Table I on Page 9 of this specification, the rated flow a t  Condi- 
tion I1 was left unchanged. To maintain the original volumetric efficiency (98.63 percent) 
but still reflect the increased rpm, the rated flow in Table I, Condition I1 should be 
68.3 gpm. The gain of 2.0 gpm should not be lost. Corresponding changes should be 

I 

I made in the Abex pump test documents. 
I 

3.3.2.3.2 Oil/Freon Heat Exchanger - The oil/Freon heat exchanger is used to warm 
hydraulic fluid during orbit. I t  is a moderately compact unit and is mounted on the left- 
hand side wall of the fuselage 5 feet aft of Bulkhead 1307. The heat exchanger is divided 
into three compartments, one for each of the three hydraulic power systems. This con- 
figuration presents a condition of vulnerability to a single event which could sever lines 
for all three hydraulic power systems. To provide maximum protection against a single 
catastrophic event, the heat exchanger should be divided into three units which would 
then be located a t  three widely separated points. This is in accordance with the principle 
of separation of redundant systems. 

3.3.2.3.3 Water Spray Boiler - Three water spray boilers, one for each hydraulic 
power system, are  located a t  the top centerline of the fuselage just aft of Bulkhead 1307. 
The three units are mounted parallel to each other with a minimum amount of clearance 
between them. This condition is the same as for the oil/Freon heat exchanger with 
regard to  the vulnerability of all three hydraulic power systems to damage by a single 
catastrophic event. For the same reason, the water spray boilers should be physically 
separated from each other to  minimize multiple failures. 

3.3.2.3.4 Single External Seals - Most of the components which make up the power 

the most part ,  this poses no problem. However, because the Orbiter environment is 
more severe than that  of normal aircraft, the likelihood of external hydraulic leakage ap- 
pears greater. This might have been minimized by using either dual external seals or a 
close- fitting metal barrier in series with a single seal. Such a change would be difficult to 
justify a t  this time. This concept should be considered for future design activities. 

and utility systems appear to have been designed to conventional aircraft criteria. For 
. I  

, 
I 

I 
I 

3.3.2.3.5 External Tank Retract Actuator Hoses - There are  six external tank 
retract actuators. Each is connected to a fluid power system with two hoses. Each hose 
has a conventional B-nut connector on one end and a swivel fitting on the other. The way 
in which all 12 hoses are installed involves application of torque to the B-nut connector as 
the actuator moves. This could loosen this fitting over a period of time. If the ends of the  
hose were reversed with the-swivel end next to the actuator, the torque on the B-nut end 
would be greatly reduced. The hose ends are not physically interchangeable with their 
mating fittings so this cannot be done without changes in the actuators and connecting . 
t rihing. _-  -. 

\J 
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3.3.3 SERVOC~NTROL SYSTEMS ASSESSMENT 

Single Failure Point (SFP) Criticality Category 1 and 1U failure modes were investi- 
gated for the servocontrol hardware associated with the Space Shuttle. The following 
items were assessed: 

1. SRB TVC actuators 
2. SSME TVC actuators 
3. Elevon actuators 
4. 
5. 
6. 

Seven areas of concern became apparent in the assessment: 

Rudder/speed brake hydraulic control module 
Body flap hydraulic control module 
Main engine fuel control valve modules. 

- 

1. Jammed spools 
2. 
3. 
4. 
5. 
6. Hydraulic motor brake failure 
7. Actuator strength criteria. 

Loss of mechanical feedback bias springs 
FaiIure of internal hydraulic seals 
Failure of external hydraulic seals 
Actuator piston rod bearingdpacking glands 

Each of these concerns is addressed in the following paragraphs. 

3.3.3.1 Jammed Hydraulic Valves - The Space Shuttle's servocontrol hydraulic 
actuators/modules use slide valves which can be jammed due to contamination. If this 
occurred, there would be loss of life and loss of the vehicle. A jammed power valve in the 
elevon, rudder/speed brake, or body flap is a SFP resulting in a Criticality Category 1 
condition. In addition to the power valve,the lock valve is also a SFP on the SSME TVC 
actuators. The SRB TVC actuators have three valves that can jam - the power valve, 
the lock valve, and the switching valve. If any one of the valves jams, a Criticality 
Category 1 or 1U condition results. 

A stuck power valve will cause the actuators or hydraulic motors to drive their respec- 
tive control surfaces into a hardover position. The lock valve on the TVC actuators, if 
jammed, will not hold the actuators in their last command position after supply pressure 
is lost. The single switching valve on the SRB TVC actuator, if jammed, will not switch 
to allowthe standby pressure source to come on-line if the primary pressure source fails. 
The lock valve and the switching valve failure modes are classified as Criticality 
Category 1U since these failures are undetected and are not apparent until the first 
failure occurs - in this case, loss of supply pressure. 
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Large contaminant particles can be built into new, recently replaced, or overhauled 
hydraulic components. Particles may be generated due to a failure of a component or by 
being ingested directly when lines are opened for maintenance, etc. The high-vibration 
environment which the Space Shuttle generates at  vehicle liftoff can put particles into 
circulation that  a re  in the system but never flushed out. The large forces generated to  
overcome a jam by the differential pressures acting across a valve spool make it possible 
for the spool to  shear through contaminants of a relatively large cross-sectional area. 
Even though this is the case, precautionary measures should be taken. It is recom- 
mended that  a contamination screen be installed at each supply pressure servoac- 
tuator/hydraulic module inlet to prevent particles that  can create a jam from entering 
the hardware. Contamination screens will prevent large failure-causing contaminants 
from jamming the critical SFP components. A fine filter, 10-microns nominal, 15- 
microns absolute, is still required in the servoactuator to protect the delicate hydraulic 
components and servovalves. The fine filter would be located between the coarse screen 
filter and the components susceptible to contamination by fine silt particles. 

Redundant jamproof valves could be used to eliminate this failure mode; however, a jam- 
proof valve is a rather complicated part. Since the power valve design is already made 
up of many parts, it is recommended that the present valve design which can generate 
large forces to drive through contaminants be combined with inlet screens as a practical 
solution for eliminating the problem of jammed spools. The screens should have suffi- 
cient area to minimize pressure loss but openings small enough to capture contaminants 
which exceed the shearing force of the valve spool. 

0 

3.3.3.2 Loss of Actuator Position Mechanical Feedback Bias Spring - The SRB TVC 
and the SSME TVC actuators use mechanical negative feedback of actuator position to  
each of the four channel servovalves to close the actuator position control loop. The 
mechanical feedback design uses a bias spring to hold the hysteresis to  a minimum by 
preloading the linkage in one direction. The spring is unrestrained and could possibly 
vibrate off its supporting pivots. Loss of control of two servovalves will result if this 
occurs. A force fight will take place between the two remaining servovalve channels and 
the two malfunctioning servos. As a result, loss of control of the actuator and vehicle will 
occur. This is a SFP resulting in a Criticality Category 1 condition. The spring in ques- 
tion is identified by Moog Drawing No. A05769. It is installed on the SRB and SSME 
Moog power valve assemblies (Figure 3-12). The spring should be positively caged to  
prevent the unit from jumping out of position and causing a critical malfunction. 

This problem was reported to NASA-MSFC and NASA-JSC and corrective action is 
being taken. 
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SECTION A-A 
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FIGURE 3-12 ACTUATOR POSITION MECHANICAL FEEDBACK 
BIAS SPRING INSTALLATION 

3.3.3.3 SRB TVC Actuator Piston Head Internal Hydraulic Seal Failure - The SRB 
TVC actuator piston head seal (Figure 3-13) is a dynamic seal with the actuator control 
pressure applied across the seal. A failure of the seal can allow internal leakage in excess 

MAMETRICAL CLEARANCE = Om7 INCH 
DlAMETER=7306 INCH 
LAND LENGTH= 0.4 INCH MINIMUM 

I 

~ 

I 
I 

I 

I 

FIGURE 3-13. SRB-TVC ACTUATOR PISTON 

of 20 gpm to occur. This would create a Criticality Category 1 condition since loss of con- 
trol of the actuator and vehicle would occur. I 

MSFC conducted annulus flow tests from which the curve in Figure 3-14 was plotted. 
The test specimen had a diameter of 1.74 inches at  the annulus, with an 0.005-inch 

I 
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DIAMETER 1.74 IN. 
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FIGURE 3-14. MSFC ANNULUS FLOW TESTS 

diametral clearance, a land length of 0.14 inch, and a measured hydraulic fluid flow of 
17.3 gpm a t  150°F with 2000 psi applied across the lands. The piston head seal has a 
diameter of 7.31 inches with an 0.007-inch diametral clearance and a land length of 0.4 
inch. The actuator piston seal area through which the leakage flow passes has increased 
from 0.01367 to 0.08037 square inch. The flow through the opening is directly propor- 
tional to the area and inversely proporfional to the land length. The leakage flow past 
the piston head seal with the seal completely removed equals 35.6 gpm as extrapolated 
from the MSFC leakage flow test results for a differential pressure of 2000 psi applied 
across the lands. 

0.08037 in.2 0.14 in. 
17.3 gpm x X = 35.6gpm 

L2 0.0 1367 in.2 0.40 in. 

A2 Ll 
Q2 = Q1 x- X- = 

Hydrazine is used to power the APU which drives the hydraulic pump. Any hydrazine in 
excess of that required to provide pressurized hydraulic control fluid for gimballing the 
SRH thrust vector nozzle a t  3 deg/sec and for operating the four servovalves per control 
actuator can be used to provide leakage flows for any malfunctioning hardware. The 
estra  hydrazine on board can accommodate a 20-gpm internal leak for the entire ascent 
portion of the SRB-powered flight. Since failure of the actuator piston seal causes an 
internal leakage flow in excess of 35 gpm, loss of actuator control will occur. 
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A recommended fix is to  install a barrier metallic piston ring seal in series with the 
existing seal as  was done for the Space Shuttle elevon and the SSME TVC actuator 
piston head seal. 

3.3.3.4 SRB TVC Transient Load Relief Valve External Hydraulic Seal Failure - An 
analysis was made of the seals in the revised transient load relief valve, Moog Drawing 
No. A23010. The study revealed that Seal No. 1 (Figure 3-15) had a leakage rate  of 
3.1 gpm with a differential pressure of 2000 psi applied across the lands with the seal 
failed. A Criticality Category 1 failure condition exists because the leakage rate  is above 
the maximum allowable rate  of 2 gpm. The 2 gpm flow limit is equivalent to the volume 
of hydraulic fluid in two SRB reservoirs that can be lost during vehicle ascent before the 
TVC hydraulic control system becomes inoperative. An annulus flow equation for 
laminar flow was used to calculate the leakage past a 100-percent failed seal (see Fig- 
ure 3-16). - 

6 m  2 7 ' 3  4 8 5 9  

Cl c2 Cl c2 

FIGURE 315. SRB TRANSIENT LOAD RELIEF VALVE 

2*2420 -0.0005 

FIGURE 3-16. VALVE ANNULUS DIMENSIONS 
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3 
0 = xD3 [ 1 + 1.5 (i) ] Wu - Pd) 

? 12pL 

w h i m  

Q =  

I J =  

b =  

c I =  

I, = 

E =  

P“ = 

Pd = 

steady flow in annulus between shaft and cylinder = 11.97 in.’;;sec = 3.1 
gPm 

diameter of passage = 2.243 in. 

passage height = b.00175 in. (worst case! 

fluid viscosity = 1.146 x 10 - fj Ib-sec/in.2 at  150oF 

passage length-= 0.587 in. (worst case) 

eccentricity of circles = 0.001 in. (due to eccentricity of seal groove, 

upstream pressure = 2000 lb/in.2 (control pressurej 

downstream pressure = 15 Ibhn.2 (actuator cavity pressure) 

I 
I 

NASA-MSFC ran a flow leakage test on a seal configuration with a passage length of 
0.565 inch, a diameter of 1.74 inches, and a diametrical clearance of 0.001 inch at 1500F. 
With the seal removed and 1.500 psi applied across the lands, a leakage rate  of 1.1 gpm 
was measured. Using the annulus equation with this set of conditions, the Q was 
calculated to be 0.69 gpm. The eccentricity was assumed equal to 0.001 inch. The 
annulus  equation gave lower leakage results than the test. Using the test results of 
1.1 gpm and extrapolating this flow for the actual set of parameters used in the flight 
valve produces a flow of 9.6 gpm. 

- 1 . 1  gprn x - x-x-x- - 
(bt)3 Dt Lf (’u”’d)t 

(0.00175)3 2.243 0.565 2000 
X- X- x - = 9.6 gpm 

1.740 0.587 1500 
1.1 gpm x 

(0.00 I l3 

where subscript “f” is for flight hardware and subscript ‘I” is for test hardware. 

It appears the leakage flow could be ;is much as  9.6 gpm.  The leakage rate  is calculated 
to be excessive by either extrapolating the test results or using the annulus flow equa- 

I 

I 

0 I 

tion. To reduce the Icakajy flow. a harrier sclal should be provided, the passage length l 
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increased, or  the annulus between the housing and outer bushing decreased. This prob- 
lem was reported t o  NASA-MSFC. Corrective action is being taken by providing a bar- 
rier seal. Updated drawings showing the corrective action taken have not been provided 
to this assessment team. 

3.3.3.5 SRB TVC Switching Valve External Hydraulic Seal Failure - The SRB TVC 
actuator switching valve has two seals, No. 2 and No. 3 (see Figure 3-17), which are  con- 
sidered single failure points and are classified as  having a Criticality Category 1U failure 
mode. A 1U category is an undetected failure that requires a second failure to occur 
before the undetected failure becomes critical to the vehicle and crew. A failure in 
Seals 2 and 3 would be undetected since primary and standby system supply pressures 
exist on both sides of the seals. Any difference in pressure between the two supply 
pressures will cause a small flow of fluid from one system to the other since system 
pressures would not be exactly identical. This will cause reservoir levels to change 
slightly during the 144-second APU operating time in ascent. If standby supply pressure 
is lost and Seal 2 fails prior to the loss of standby pressure, then the primary pressure 
will be lost with hydraulic fluid flowing across the failed seal and overboard through the 
standby system leakage failure point. Likewise, if Seal 3 fails and an external leak 
occurs in the primary supply, then the standby supply will be lost after the valve spool 
transfers, allowing the standby fluid to pass through the failed seal and overboard 
through the failed primary supply leakage path. Actuator control is not lost if only the 
primary hydraulic system is lost; however, with an undetected seal failure that allows 
the loss of the standby system, then the crew would lose control of the actuator and 
vehicle . 

1 m m  4 5 6 7 8  9 

R2  R 1  P l  
VALVE IN PRIMARY HYDRAULIC SUPPLY &ITION 

1 m(j7 4 5 6 7 8  9 

VALVE IN STANDBY HYDRAULIC SUPPLY POSITION 

FIGURE 317. SRB-TVC SWITCHING VALVE 
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A failed seal allows an external leakage flow rate  of 23 gpm. The maximum allowable on 
the SRB is 2 gpm. An external leakage flow greater than 2 gpm will drain the primary 
and standby hydraulic reservoirs, t hus  losing gimballing control of the booster for the 
remainder of ascent flight. MSFC ran seal failure leakage tests, and the test data are  
presented in Figure 3-14. The test specimen characteristics and test conditions are  those 
of switching valve Seals 2 and 3. Extrapolating the leakage flow tests to a differential 
pressure of 3000 psi across the lands produces a leakage flow rate  of 23 gpm. 

3.3.3.6 SSME TVC, R/SB, Elevon Servo Valve Face Seal Load Relief - Moog servo 
valve face seal leakage test data indicated that a failed supply pressure seal would leak 
fluid a t  the rate  of 1.99 gpm.* The maximum allowable external leakage flow on the 
Orbiter is 0.1 gpm. This leakage flow would drain one reservoir during entry. A failed 
seal would allow fluid to seep across the mounting face of the servo valve, opening up the 
face slightly to reduce the effect of the barrier. A fix was made by undercutting a major 
portion of the mounting face (Figure 3-18), thereby reducing the buildup of force. The 
material left provided a tighter barrier to reduce the leakage flow. The item was left 
open until test data a re  received indicating the fix has reduced the leakage flow to  
0.1 gpm or less. 

SURFACE TO 
RELIEVED 

+0.005 
-0.000 MOOG DRAWING A24055 

SERVO VALVE 

FIGURE 3-18. SERVO VALVE FACE SEAL 
LOAD RELIEF 

3.3.3.7 SSME TVC, R/SB, Elevon Filter Differential Pressure Indicator - Moog seal 
leakage test data  revealed that a failed seal caused excessive leakage to occur from 
under the filter differential pressure indicator mounting face. The housing is a purchased 
part made of AL2024-T3 aluminum. The seepage of fluid from under the aluminum 
flange would deform the flange, reducing its ability to function as a fluid barrier. A fix 
was made by clamping a steel plate across the top of the housing (Figure 3-19) to provide 
a solid backup to the flange in order to prevent the flange from deforming. This item was 
also left open until test data indicate that corrective action has reduced the leakage to 
0.1 gpm or less. 

i ''1 
* I  ~ 1 ~ ~ i i i i ~ r i i  S C < , I ~ S  Study for The Spdce Shuttle !d.~in Encine TYC Servo.ictualor. MooK Report E-2299, Page 29, dated December 3, 

i *;I) 
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CLAMPING FLANGE 

DIFFERENTIAL PRESSURE 
FILTER INDICATOR 
BODY - AL 2024.T3 

FIGURE 3-19. FILTER DIFFERENTIAL PRESSURE 
INDICATOR BARRIER SEAL 

3.3.3.8 Failure of RuddedSpeed Brake Switching Valve Manifold Union T-Seals - 
Four unions (Moog Drawing No. A237971 called for in the hydraulic valve module 
assembly Drawing No. A23830 (see Figure 3-20) are  used to transfer hydraulic supply 
pressure fluids from the switching valve manifold to the rudder power valve manifold, 
and an additional four unions are  used to transfer supply pressure fluids from the switch- 
ing valve manifold to the speed brake power valve manifold. Primary supply pressure is 
transferred through two of the unions: first and second standby supply pressures are  
transferred through the two remaining unions of the four unions per mounting face. 

A T-seal failure on one of these unions would allow supply pressure to  seep between the 
manifolds, enlarging in area until the fluid finds its way overboard from between the 

STANDBY SUPPLY NO. 1 

STANDBY SUPPLY NO. 2 

UNION - MOOG DWG A23797 

FIGURE 320. R/SB SWITCHING VALVE MANIFOLD AND UNIONS 
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manifold assemblies. The fluid released between the manifolds and under pressure will 
build up a load attempting to force the manifolds apart. It is possible to lose the  three 
hydraulic supplies if the bolts holding the manifolds together rupture, causing a malfunc- 
tion of all servo control modules and actuators. These seals are  single failure points 
resulting in a Criticality Category 1 condition in which loss of the vehicle occurs. There 
are  16 SFPs. If the pressure were to build up to 3000 psi under one-fourth of the mount- 
ing face area, and four of the eight 3/8-inch-diameter bolts were resisting the load, then a 
bolt failure could occur. Each bolt would be required to hold 9413 pounds, whereas the 
bolt yields a t  7594 pounds a t  275OF; thus,  the bolt margin of safety drops to  -0.19. 

It is recommended that a union seal leakage test  be made to determine the adequacy of 
the design. It is recommended that load relief be provided as was done in the case of the 
Orbiter servovalves - example Moog valve, Drawing No. A24055 - by undercutting 
the surface to prevent load buildup between the manifolds which could cause bolt failure 
and loss of three hydraulic systems. 

This problem was reported to NASA-JSC and corrective action is being taken by under- 
cutting the mounting face to provide load relief. No updated drawings have been pro- 
vided to this assessment team. 

3.3.3.9 Actuator Piston Rod BearingdPacking Glands - The SRB TVC, SSME TVC, 
and elevon actuators use two piston rod bearing packing glands per actuator that  are 
shrunk-fit into position (see Figure 3-21). No positive restraint of the bearings or pack- 
ing glands is provided. Douglas uses positive locking of their piston rod bearings on 
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flight control actuators. If the Space Shuttle piston rod bearings became unseated, then 
a massive external leak would occur. Since the single failure point is downstream of the 
actuator switching valves, all hydraulic systems would be lost overboard. I t  is recom- 
mended that the design call for positive locking of the piston rod bearings, thus 
eliminating 28 SFPs. 

3.3.3.10 Hydraulic Motor Brake Fails in Off Position - The rudderhpeed brake and 
body flap hydraulic control modules respond to electrical command signals to position a 
power valve which controls the flow of fluid to three independent hydraulic motors. The 
output velocities of the three hydraulic motors are mechanically summed through two 
differentials into a single output shaft to provide a drive into a mechanical mixer in the 
case of the rudder/speed brake and to the control surface in the case of th.e body flap. A 
hydraulic brake is employed a t  the output shaft of each- hydraulic motor that is operated 
off the motor system pressure. At a predetermined decaying pressure, the brake is 
engaged to  maintain the last commanded position of the control surface with no motor 
inputs and to prevent any torque from feeding back to the motor. 

If a motor brake fails in the off position, then the two remaining motors will cause the 
failed system to  run in reverse. This type of failure will cause loss of the vehicle, and is 
classified as Criticality Category tu. It is an undetected failure and does not become 
apparent until after the supply pressure is lost. The body flap brake may be applied as 
often as two times per second; thus, many operational cycles can be applied to the hard- 
ware. A failure of the brake piston (Figure 3-22), pressure plate, or spring will prevent 
the brake from operating properly. 

BRAKE 
BRAKE HOUSING 

SPLINED SHAFT 

BRAKE 

BRAKE 

PISTON 

, PRESSURE 

SPRING 

PIATE 

(=/2 
.___.. 

FIGURE 322.  HYDRAULIC MOTOR BRAKE ASSEMBLY 

47 



Successful life cycle testing of the brake is required to increase the chances of success; 
however, the brake is a single failure point and it is recomended that a backup braking 
device be implemented for the body flap as well as for the rudder/speed brake 
configuration. 

The ruddedspeed brake (R/SB) design connects the hydraulic control module with the 
motors through a section of steel tubing. This provides an additional single failure point. 
A slow fluid leak in the tubing may not reduce the pressure enough to allow the brake to  
be applied; however, its motor may be driven in the reverse direction by the output of 
the other two motors and as a result, loss of control may occur with a resulting loss of life 
and the vehicle. This type of failure is classified as Criticality Category 1. 

3.3.3.11 Actuator Strength - As a part of our assessment, we reviewed superficially 
the strength analysis reports for an elevon and SSME TVC actuator. The reports were 
examined to see if appropriate procedures, load factors, and safety margins were evi- 
dent. Several items appeared to  be questionable and further investigation was con- 
ducted. The questionable areas found were as follows: 

1. Criteria for primary flight controls do not satisfy the minimum requirements set 
forth in the FAA airworthiness standards. 

2. Calculated stresses shown are not always the maximum stresses the parts will 
experience. 

3. The Fracture Control Plan has not been completely implemented. 

3.3.3.11.1 Commercial Aircraft Design Philosophy - Commercial aircraft must comply 
with FAA document airworthiness standards: Transport Category Airplanes, Pa r t  25. 
Of particular interest a re  Paragraphs 25.671 ( C l ,  C2, and C3) which are  quoted below: 

25.671 Control Systems 

(c) The airplane must be shown by analysis, test, or both, to be 
capable of continued safe flight and landing af ter  any of the following 
failures or jamming in the flight control system and surfaces (including 
trim, lift, drag, and fuel systems), within the normal flight envelope, 
without requiring exceptional piloting skill o r  s t rength .  
Probable malfunctions must have only minor effects on control system 
operation and must be capable of being readily counteracted by the 
pilot. . 
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(1) Any single failure, excluding jamming (for example, disconnection 
or failure of mechanical elements, or structural failure of hydraulic 
components, such as actuators, control spool housing, and valves). 
(2) Any combination of failures not shown to be extremely im- 
probable, excluding jamming (for example, dual electrical or hydraulic 
system failures, or any single failure in combination with any probable 
hydraulic or electrical failure). 
(3) Any jam in a control position normally encountered during takeoff, 
climb, cruise, normal turns, descent, and landing unless the jam is 
shown to be extrmely improbable, or can be alleviated. A runaway of a 
flight control to an adverse position and jam must be accounted for if 
such runaway and subsequent jamming is not extremely improbable. 

FAA airworthiness standards require a dual load path for all primary flight control 
actuators unless a single failure can be demonstrated to cause only minor effects on the 
control system operation. 

Douglas policy has been to qualify even a fail-safe actuator by life-cycle endurance 
testing to three lifetimes for commercial aircraft and four lifetimes for military aircraft. 

During the preliminary design phase, large factors on stress are used depending on the 
required cycles per lifetime. I 

I 

Basically, the purpose of a fatigue analysis is to aid in the design of the individual com- 
ponents in order to minimize the number of parts that would require modification during 
the endurance verification test program. Generally, fatigue analysis is not acceptable f6r 

of safety when the final static stress analysis is performed. The ultimate load used for 
analysis is based on the higher of 1.5 x 3850 psi (full flow relief valve pressure) or 1.5 
times the pressure developed from the maximum load anticipated in one lifetime (as 
when gusting is encountered during a maneuver). 

3.3.3.11.2 Moog Report DR No. SE06, Elevon Structural Analysis - The finite 
element stress analysis using program SAP IV or SAP V is a very good approach and is 
much better than Roark.* However, the centroidal stresses shown through most of the 
report are  not the maximum stresses. The outer surface stresses should be used and 
care'taken to assure that the proper element edge represents the outer fiber. Edge 
stresses could be as much as two times the centroidal stresses. The only uses of edge 
stresses in this report are discussed on Pages 6 and 61 of the Moog report. 

I 

. I  safe life structure unless a factor of 3 is used on stress. This may result in high margins I 

~ 

1 Trapezoidal elements should be used in the high stress intensity areas and not triangular 
elements for the axis-symmetrical option. Reentrant corners (e.g., radii at the bottom of 
O-ring grooves) should be modeled with four or five elements from tangent point to 
tangent point, even for radii as small as 0.020 inch. 

I 

I 

* S A P  A Structrir.il An, i lv i i \  I ' r ~ ~ s r n n i  dc,b.cilopt4 hy the C'nl\car\it> of S o u t h e r n  California. D e p t  of Civil E n y n c . t * r i n g .  1,os 
An):rlv\. ( 'A YO007 
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More analyses of the more complicated nonsymmetrical areas of the aluminum body and 
stainless steel cylinder should be done using Type 5, 3-dimensional solid elements or 
Type 8, thick shell and 3-dimensional elements of SAP I V  or SAP V. 

'Iw BE SCREEElED BY Pi7OOF vE!ucLE L X W  ' 
TEST 

Use of SAP IV or SAP V finite element analysis would help identify the high stress in- 
tensity areas for the fatigue analysis that is lacking in this report. The only fatigue 
calculation in this report is found on Page 6. We believe that a thorough fatigue analysis 
would reveal a number of fatigue-critical areas. The high-stress-intensity areas should 
be identified by conventional fatigue analysis and good engineering judgment. 

3.3.3.11.3 Actuator Fracture Control Plan - Fracture control verification is supposed 
to ensure that  the maximum undetectable flaw within a part will not grow to a critical 
size and cause a fast fracture of the part within four lifetimes or less than four lifetimes if 
the part  is replaced periodically. 

Rockwell International (RI) has prepared a document, SD73-SH-O082A, entitled Space 
Shuttle Orbiter Fracture Control Plan, published September 1974. This document 
defines the criteria for analysis and tests needed to provide fracture control verification 
of hardware. Figure 3-23 taken from that document is a block diagram presenting the 
fracture-critical part selection logic. When applied to the control actuators, i t  states that 
normal static and fatigue analysis must be completed on a part. It also asks whether loss 
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of the part will cause loss of the vehicle. If the answer to this question is “no,” then the 

tion is “yes,” then the Fracture Control Plan must be applied to the part. 

I 

part is made according to standard manufacturing procedures. If the answer to the yues-  
~ 

1. JAMMED SPOOLS 

POWER VALVE 
W I T C H I N G  VALVE 
LOCK V A L V E  

2. BIAS SPRING 

In  the case of the servocontrol actuators, the parts are  single-load-path flight-critical 
items and, as such, the Fracture Control Plan must be applied to this hardware. The 
Fortress Program as applied to the actuators must include the Fracture Control Plan. 
The actuator fracture control verification effort has been deferred. This effort should 
have been accomplished during initial testing of the hardware: however, it is recom- 
mended that this verification effort be accomplished as  soon as  possible to minimize the 
impact of testing and any consequent changes in the hardware. 

1 4 6 4  6 3  
1u 4 
1u 4 6 

* 1  8 12 

3.3.3.12 Summary - In summary, there are  291 single failure points discussed in the 
servocontrol systems assessment. Of this number, NASA has indicated that a s  of July 
11, 1978, 196 are being subjected to corrective action. The remaining items are awaiting 
consideration. The SFPs identified in Section 3.3 have been summarized in Table 3-1. 

3. PISTON HEAD SEAL 

4. TRANSIENT LOAD RELIEF VALVE 

5. SWITCHING VALVE SEALS 

TABLE 3-1 
SINGLE FAILURE POINT TABULATION 

1 4 

1 4 
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I 6. SERVO VALVE FACE SEALS * I 1  I 17214241 
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3.3.4 Hydraulic System Architecture Assessment 

The assessment of the Space Shuttle hydraulic system architecture is divided into two 
sections. The Solid Rocket Booster (SRB) thrust vector control (TVC) actuation 
architecture is addressed in Paragraph 3.3.4.1. The assessment of the Space Shuttle 
Orbiter hydraulic system architecture is addressed in Paragraph 3.3.4.2. The 
calculations substantiating the architecture assessment are  presented in Paragraph 
3.3.4.3. 

3.3.4.1 SRB TVC Actuation Architecture Assessment - The SRB TVC actuation 
system architecture basically consists of two hydraulic systems, one primary and the 
other available through a pressure-operated switching valve. This system, to operate an 
essential service for a short time, is consistent with commercial aircraft design practice 
except that  the loss of one SRB TVC actuator package as  a pressure vessel or a 
structural member creates a Criticality Category 1 condition. 

3.3.4.1.1 Horsepower Requirements - Sufficient horsepower is available to produce 
the desired gimbal ra te  of 5 deg/sec for both servo actuators under normal operating 
conditions as  presently defined; that  is, with the present-size actuators, the existing 
pressure drop through the actuator package, and with both auxiliary power unit (APU) 
driven hydraulic power systems in operation (Paragraph 3.3.4.3.1). 

. 

The standby power provided by only one operative hydraulic system is adequate to  
provide a 3 deg/sec gimbal rate, providing an APU overspeed of 113 percent is attained, 
the internal leakage is not excessive at  the time that standby power is required, and the 
hydraulic pump volumetric efficiency is not subnormal (Paragraph 3.3.4.3.2). 

It is recommended that the APU overspeed operation be eliminated providing stable 
control can be achieved with a slightly reduced gimbal rate (Paragraph 3.3.4.3.3) as this 
simplifies the system and increases its reliability. 

3.3.4.1.2 System Architecture - The SRB TVC actuation system architecture consists 
of two 3000-psi hydraulic systems. Each is powered by one 68-gpm variable 
displacement hydraulic pump driven by a separate, independent, hydrazine-fueled 
auxiliary power unit subsystem. 

One hydraulic system supplies primary power to the tilt TVC actuator package and the 
other supplies primary power to the rock TVC actuator package. (See Figure 3-24.) In  
the event one of the systems fails to operate, either as a result of fluid loss due to exter- 
nal leakage or to an APU or pump failure, the other hydraulic system is used as a stand- 
by source of power through a pressure-operated switching valve in the affected TVC ac- 
tuator package. No other standby power is provided. The SHE TVC actuation system 
orwr';itvs for on lv  2 m i n u t e s  aft or l aunch .  
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FIGURE 3-24. SOLID ROCKET BOOSTER THRUST VECTOR CONTROL 
ACTUATORS AND APU LOCATIONS 

The concept of using two systems to supply power: to a service which operates for only a 
limited time through a switching valve was applied for many years on braking systems 
on aircraft. This concept proved to be adequate when the switching valve design was 
carefully controlled to preclude malfunction. The operation of the SRB TVC actuator 
switching valves is a Criticality Category 1 item. Therefore, these valves must 
incorporate positive switching characteristics; Le., it must be impossible for the valves 
to stick in the midposition and the filtration and switching forces must be adequate to 
ensure-shearing of any possible contaminant that  might lodge between the slide and 
sleeve. The valves must be designed so that an undetected failure will not cause loss of 
the second system when the first system failure occurs. For example, if a static seal was 
inadvertently omitted or damaged on the switching valve sleeve between the primary 

5 3  



system pressure supply inlet and the pressure-to-actuator outlet, the  second system 
would be lost following the actuation of the valve as  a result of the failure of the first 
system. 

Any pressure vessel type failure downstream of the switching valves in the SRB TVC 
actuator packages will cause both hydraulic systems to fail, which results in a Criticality 
Category 1 condition. 

The rock and tilt actuator packages would be considered essential to flight if the normal 
commercial aircraft philosophy were observed, in which case a tandem actuator with a 
dual load path or some other means of providing redundancy would be employed if possi- 
ble. The DC-10 aircraft incorporates multiple control surfaces to provide redundancy, 
eliminating the need for dual load path actuators. The B747 incorporates dual load path 
in some flight control actuator packages. A fortress type design has been used on com- 
mercial aircraft in the design of flight control actuator packages when space or weight 
1imitatior.s do not permit a redundant design to be used and the failure of the unit when 
so designed can be shown to be extremely improbable. The DC-10 aircraft incorporates 
fortress type designs. 

The SRB TVC actuator packages are  used for a limited time of 2 minutes immediately 
after launch. A gross external leakage greater than 2 gpm is required to completely 
drain both SRB hydraulic reservoirs in 2 minutes. Therefore, the actuator packages 
remain fully operative for the required 2 minutes, providing an external leakage greater 
than 2 gpm does not develop. Service records show that slow external leaks occur a t  
least 10 times more often than gross leaks (greater than 1 gpm). 

@ 

Considering the precedents set by aircraft braking system design, some usage of for- 
tress type design in aircraft, and the SRB TVC hydraulic systems’ tolerance to slow 
external leakage type failures, the existing design of the SRB TVC single actuator 
packages is marginally acceptable. A fortress program including a fracture control plan 
and superior quality control is needed. 

The two-system concept is acceptable for this  application because the systems are  
relatively simple and used for only a short time. This results in high reliability. Since 
only two systems are  available, it is important that  pattern failures are  detected and 
eliminated. Therefore, hydraulic pump and system verification testing is required to  
substantiate the basic reliability of the systems. 

The 2-minute use immediately af ter  prelaunch and ground tests enhances the reliability 
of the entire SRB TVC actuator system. However, care must be exercised in specifying 
meaningful prkflight and ground checks to ensure that the systems are  operating as 
designed and that no undetected failures exist prior to launch. Both reservoir volumes 

I 

O I  should be monitored immediately before l aunch  to determine if either system is leaking 
~ 
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externally. The internal leakage and pump delivery o1 each system and the satisfactory 
operation of the switching valves including flow delivery should be tested immediately 
before launch. This may be accomplished by depressurizing one pump and then the other 
and observing in both conditions that the gimbal ra te  is 3 deg/sec. Then, to determine 
that  the switching valves and the lock valves are fully open, both pumps should be 
pressurized and the gimbal ra te  should be observed a t  5 deg/sec. 

3.3.4.1.3 Summary - Basically, the SRB TVC actuator system architecture is consis- 
ten t  with commercial aircraft design practice. Sufficient horsepower is available to  pro- 
duce the desired gimbal ra te  of 5 deg/sec under normal operating conditions with the 
present actuator sizing. The standby power provided by only one operating hydraulic 
system is adequate to provide a 3 deg/sec gimbal ra te  providing there are  no undetected 
failures in the operative hydraulic system and the APU subsystem responds to  the 113 
percent overspeed command when standby power is required. 

3.3.4.1.4 Recommendations 

1. 

2. 

. .  

3. 

4. 

The SRB/TVC system architecture as  it is presently designed appears to be weight- 
and cost-effective. However, certain revisions in the servo actuators and hydraulic 
power system are suggested for implementation in other sections of this report. 

Increased reliability and system simplification are  possible by eliminating the APU 
overspeed operation after the failure of one hydraulic supply system if it can be 
shown that  stable control can be achieved with a slightly slower than 3 deg/sec gim- 
bal rate during ascent. This should be considered after sufficient testing has been 
completed to  verify that a slower gimbal ra te  is acceptable. 

Adequate ground and prelaunch test procedures must be prepared and assessed. 

Hydraulic pump and system verification tests must be completed and evaluated. 

r, 

3.3.4.2 Space Shuttle Orbiter Hydraulic System Architecture Assessment 

3.3.4.2.1 Areas of Study - The Space Shuttle Orbiter hydraulic system architecture 
assessment considered evaluation of the existing hydraulic power supply and 
distribution arrangement, the horsepower requirements and system delivery, and the 
hydraulic designs for actuation of the Space Shuttle primary flight controls. These 
controls include the Space Shuttle main engine thrust vector controls (SSME TVC), the 
main engine controls (ME controls), the body flap (BF), hydraulic valves and motors 
only, the rudder/speed brake (R/SB) hydraulic power drive unit, and the elevons. 
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3.3.4.2.2 Hydraulic Power Supply - The current Space Shuttle Orbiter hydraulic 
system architecture is based on three redundant hydraulic systems. Each system is 
pressurized by one 3000-psi variable displacement (68-gpm maximum) hydraulic pump, 
each driven by a separate, identical hydrazine-fueled auxiliary power unit (APU) sub- 
system. It would be preferable for each system to have a dual pump power source and to 
be driven by different types of subsystems to achieve maximum redundancy and 
reliability. The pump loading on the Orbiter is such that maximum horsepower is re- 
quired for standby operation. For this reason, another full-size hydraulic pump would be 
required to provide a dual power source for each system. The weight and cost penalties 
a re  not warranted by the additional redundancy achieved. In addition, Douglas concurs 
with NASA's evaluation of alternate driving subsystems in that it is impractical to  
develop a satisfactory one in the time allotted. Therefore, the existing hydraulic power 
supply system architecture is acceptable providing a superior design and inspection pro- 
gram is initiated to  ensure the best possible APU subsystems are incorporated for driv- 
ing the hydraulic pumps. - 

3.3.4.2.3 Hydraulic Power Distribution - The hydraulic systems provide power for 
operating the primary flight controls (i.e., the SSME TVC, the main engine fuel con- 
trols, the body flap (BF), the rudder/speed brake (R/SB), and the elevons), and the utili- 
ty  systems (i.e., the landing gear actuation, brakes, nose wheel steering, and external 
tank umbilical retraction). 

I 

The flight control hydraulic power requirements impose the greatest demand on the 
systems and dictate the basic hydraulic system architecture. 

The concept of a three-hydraulic-system architecture to provide redundancy for the 
operation of fully powered flight controls has proven to be satisfactory on commercial 
aircraft. However, the required redundancy and reliability have been achieved by in- 
corporating the following: 

0 

1. Standby power available without manual or automatic switching. I 
I 

2. Independent systems to ensure that no single failure can cause loss of more than one 
system. 

3. Adequate power in each system to ensure safe flight and landing with only one 
operable system. 

4. High individual system reliability and confidence by careful design and selection of 
components with an extensive service history. 

0~ 5. Redundant control surfaces so that loss of control of one surface will not cause the 
aircraft to be lost. 
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There are  numerous single failure points (SFPs) downstream of the switching valves 
within the Space Shuttle Orbiter flight control actuator packages. These SFPs can cause 
loss of all three Orbiter hydraulic systems, which could result in loss of the Orbiter. 
These single failure points are  pressure vessel failures which may result from a seal 
failure, a fractured housing, or  a bolt or  screw failure. Since a seal failure occurred early 
in the Orbiter program, the seal problem has been adequately treated by the use of 
redundant seals or  seal barriers except as  noted in Paragraphs 3.3.2 and 3.3.3 of this 
report. However, the problems of fractured housings and screw failures have not been 
adequately addressed. The Orbiter R/SB and elevon actuator packages have a multitude 
of components and manifolds that are held together by screws. Commercial aircraft 
service records show that the component housings, the manifolds with numerous drilled 
passages, and the actuators are  all subject to fracture failures. Design and inspection of 
manifolds with numerous drilled passages is particularly difficult as stress risers are  
inherent. 

Bolt and screw failures have also occurred in aircraft flight control actuator packages. 
These failures have resulted from overtorquing, undertorquing, bolt fractures, and not 
using lockwire when specified on the drawings. Since commercial aircraft are designed 
to fail operative/fail operative criterion, the fractured housing and bolt failures that have 
occurred have not been catastrophic. However, similar failures occurring in the Orbiter 
would result in loss of the Orbiter because the Orbiter actuator packages incorporate 
switching valves which automatically select one system after another. If the primary 
system fails, this would result in loss of all three hydraulic systems. 

- 

In this architecture assessment, an attempt will be made to  indicate how the existing 

eliminated. I 

single failure points which may cause loss of all three hydraulic systems can be ' I  

3.3.4.2.4 Horsepower - The selection of a three-system architecture for supplying 
redundant hydraulic power to operate aircraft priniary flight controls implies that  
sufficient horsepower is available in each system so that  safe flight and landing are  
possible by using any one of the systems when the other two are  inoperative (FO/FS). 
However, it was determined that the system specification (SD72-SH-0102-6, Paragraphs 
3.2.5.1 and 3.2.5.2) requires only fail-safe after tlie loss of one hydraulic system during 
the ascent mode and full  operational capability for aerodynamic flight control functions 
during the descent mode. This philosophy does not seem valid unless it can be 
established that the reliability achieved with these requirements imposed is acceptable 
for the aerodynamic flight control functions. 

During ascent, a t  least two operable hydraulic systems are required for engine throttle 
control.. The existing design and procedures limit the ascent mode to 13.44-minute 
duration immediately af ter  launch (the time lapse between launch, T = 0, and closure of 
the SSME hydraulic isolation valves). It is recommended that the SSME hydraulic 
isolation valvcs be closed as soon as possible which will shorten the time span of Orbiter 
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vulnerability to single failure points during the ascent mode. System reliability is 
indirectly proportional to exposure-to-failure time. By shortening the exposure time 
from 13.44 minutes to about 8 minutes and improving the reliability of the critical 
actuator packages, the probability of the loss of two hydraulic systems during ascent 
becomes sufficiently remote that it is acceptable. 

The critical actuator packages which require reliability improvement are those which 
have single failure points that  could result in loss of two hydraulic systems during the 
ascent phase of flight. The ones affected are: (1) the SSME TVC actuator packages, (2) 
the R/SB hydraulic power drive unit (PDU), and (3) the elevon actuator packages. The 
recommended improvements are discussed in Paragraphs 3.3.4.2.5, 3.3.4.2.8, and 
3.3.4.2.9. 

The Orbiter should also be capable of safe flight and landing throughout the balance of 
the mission with only one hydraulic system operative. With the existing R/SB and 
elevon actuation designs, a horsepower deficiency exists during the approach and 
landing phases of flight. It is recommended that these actuator designs be improved to  
reduce the horsepower required during approach and landing, as discussed in 
Paragraphs 3.3.4.2.8 and 3.3.4.2.9. This is more weight- and cost-effective than 
increasing the horsepower delivery of each hydraulic system. 

3.3.4.2.5 Space Shuttle Main Engine Thrust Vector Control (SSME TVC) Actuation - 
Single type servoactuator packages incorporating redundant switching valves drive the 
SSME TVCs on the existing OV102 Orbiter ,(Figure 3-25). Only two of the three 
hydraulic systems supply power to each SSME TVC actuator package. Therefore, an 
external leakage type failure downstream of the switching valves in an SSME TVC 
actuator package results in loss of only two hydraulic systems. The SSME TVC actuator 
packages operate only during the ascent phase of flight. Closure of the SSME isolation 
valves prevents loss of hydraulic fluid from the hydraulic systems as a result of a leakage 
type failure in the SSME actuation systems after ascent. 

The existing procedures limit the time the hydraulic system is vulnerable to loss of fluid 
as a result of an external leakage failure in the SSME TVC system to  13.44 minutes im- 
mediately af ter  launch (it is recommended this time be shortened, if possible). An exter- 
nal leak of about 1.5 gpm will drain two hydraulic system reservoirs in 13.44 minutes. 
The SSME TVC actuators would remain operative during ascent even if a slow external 
leakage failure (less than 1 gpm) developed in one of the SSME TVC actuator packages. 
Probably two of the three hydraulic systems would remain operative after closing the 
SSME isolation valves. This is in contrast to the fact that  a slow external leakage in 
either the rudder/speed brake hydraulic power drive unit or an elevon actuator package 
downstream of the switching valves can drain all three reservoirs and result in loss of all 
three hydraulic systems. 

Aircraft service r c ~ o r d s  indicate gross external leakage failures (greater than 1 gpm) 
o(wir I P S S  t h a n  o n ( * -  t ( . n i h  as often ;is slow external leakage failure. Since a gross external 
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FIGURE 3-25. ORBITER MAIN ENGINE THRUST VECTOR CONTROL 
ACTUATOR LOCATl ONS 

leakage failure must occur before the SSME TVC actuator packages become a Criticality 
Category 1 item, these units are  less critical than either the R/SB PDU or the elevon ac- 
tuators, and the existing single type SSME TVC actuator packages are marginally 
acceptable for use on the operational Space Shuttle Orbiter. 

It is recommended that a fortreis type program be implemented. This program should 
include a fracture control plan, a review to ensure optimum design, and superior quality 
control methods. 

3.3.4.2.6 Main Engine Fuel Control Actuation - A different hydraulic system is used to  
supply power to each main engine fuel control. Therefore, any single failure in a main 
engine fuel control hydraulic subsystem will not cause loss of more than one hydraulic 
system. A main engine hydraulic system isolation valve is installed in each hydraulic 
system and is used to shut off fluid flow and pressure to the main engine fuel control and 
SSME TVC actuation subsystems after ascent is completed. The existing main engine 
fuel control actuation- architecture is acceptable for use on the operational Space Shuttle 
Orbiter. 

. 
3.3.4.2.7 Body Flap Hydraulic Actuation - The three redundant hydraulic systems are  
completely separated in the existing body flap hydraulic operating subsystem design. No 
single failure can cause loss of more than one hydraulic system. The only single failure 
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points in the body flap hydraulic actuati n system are  hydr ulic brake failure or a valve 
jam. Except for these items which are discussed in Paragraphs 3.3.3.1 and 3.3.3.10, the  
body flap architecture is acceptable as designed for use on the operational Space Shuttle 
Orbiter. 

3.3.4.2.8 Rudder/Speed Brake Hydraulic Actuation - Single failure point external 
leaks downstream of the switching valves in the existing rudder/speed brake hydraulic 
power drive unit can cause loss of all three hydraulic systems, which results in loss of the 
Orbiter. 

The existing design of the rudder/speed brake hydraulic operating system (Figure 
3-26) incorporates dual hydraulic switching valves. These valves automatically select 
one of the two remaining redundant hydraulic systems, one after another, after failure of 
the primary system. The selected system supplies power to both the rudder four- 
channel servo system and the speed brake four-channel servo system. The hydraulic 
portion of each channel of each servo system consists of three hydraulic components: (1) 
a servo valve, (2) a pressure transducer, and (3) a solenoid-operated bypass valve. 

P3 R3 P2 R2 P1 R 1  

SWITCHING VALVES 
WITH POSITION INDICATORS 

POWER VALVES 

BYPASS VALVE 

TO SURFACE ACTUATORS 
CIRCUITRY 

TO PWR VALVES 

FIGURE 3-26 EXISTING RUDDER SPEED BRAKE DESIGN 

a 

If a single failure point external leak occurs downstream of the switching valves in any of 
the eight hydraulic servo channels (which contain 24 critical components), all three 
hydraulic systems may hc lost, with subsequent loss of the Orbiter. Each critical compo- 
nent has numerous inherent single failure points which may result in failure of the 
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hydraulic power drive unit as  a pressure vessel. These points may be seal failures, frac- 
tured housings, or  a bolt failure. The seal single failure points have been eliminated by 
incorporation of redundant seals or seal barriers except as noted in Paragraph 3.3.3. 
The problems of fractured housings and screw failures have not been adequately ad- 
dressed. The R/SB PDU consists of individual components screwed together on a 
manifold that incorporates numerous drilled passages. Commercial aircraft service 
records show that  similar component housings and manifolds have been subject to frac- 
ture failures and that screw failures have occurred as a result of overtorqued, undertor- 
qued, or  fractured screws. External leakage has also developed as a result of failure to  
lockwire and subsequent vibration which loosened the screws. 

As an alternate design, Rockwell proposed a tandem ruddedspeed brake hydraulic 
power drive unit (Figure3-27) which eliminated all the single failure points as a 
pressure vessel in the four-channel servos. This design eliminated one switching valve 
but incorporated an _additional four-channel servo system. The avionics impact was 
large because this approach doubled the wiring and the aerosurface servo amplifier 
(ASA) hardware for the ruddedspeed brake actuation system. The quiescent flow was 
increased. The size, weight, and cost of the hydraulic PDU was increased. 

SWITCHING VALVE 
WITH POSITION INDICATOR 

TO SPEED BRAKE 
+CHANNEL SERVO 

+CHANNEL 

I I  n PI n 
RUDDER SPEED BRAKE 
SUMMER SUMMER 

I 
I I  

HYDRAULIC 
MOTORS 4 a HYDRAULIC BRAKES 

MIXER 

TO SURFACE ACT 

FIGURE 3-27. ROCKWELL PROPOSED SPEED BRAKE DESIGN 

'UATORS 

McDonnell Douglas Corporation proposes a design (Figure 3-28) that  eliminates all 
the single failure points as a pressure vessel in the rudder/speed brake hydraulic power 
drive unit. The 24 components in the two four-channel servos will no longer be Criticality 
Category 1 items. This design eliminates the two existing large switching vaives. The 
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HYDRAULIC SYSTEMS 

P3 R3  P2 R 2  P1 R1 

AND DE-ENERGIZED 
RUDDER SPEED BRAKE 

SUMMER - 

P RUDDER 
POWER VALVES 

HYDRAULIC 
MOTORS 

ELECTRONIC PI pa . I MIXER I 
CIRCUIT 

TOPWR VALVES SURFACE ACTUATORS 

FIGURE 3-28. MCDONNELL DOUGLAS PROPOSED SPEED BRAKE DESIGN 
I 

I 
l 

e hydraulic systems are  rerouted in the hydraulic power drive unit so that a different 
hydraulic system supplies power to each channel of the rudder four-.channel servo and 
the speed brake four-channel servo. Hydraulic System 1 supplies power to Channel 1; 
Hydraulic System 2 supplies power to Channel 2; and Hydraulic System 3 supplies 
power to  Channel 3. A small 0.5-gpm switching valve is added to the power supply for 
Channel 4. Normally, Hydraulic System 1 supplies power to Channel 4, but if a failure of 
Hydraulic System 1 power occurs, Hydraulic System 2 supplies power to Channel 4. This 
switching valve is provided to preserve the existing fail operative/fail operative/fail safe 
design of the four-channel servos. With any one electrical failure, the servos will have 
three channels still operative for voting. 

I 

I 
I 

The pressure differences among the three hydraulic systems supplying the different 
channels is small except for transient pressures. The existing electronic circuitry is 
tolerant of these differences as it contains a time-delay provision. 

The existing solenoid-operated bypass valves incorporated in each channel of the four- 
channel servo must be revised so that they bypass a t  0 psi and when energized. Rip-stop 
construction must be incorporated to prevent crack propagation from causing loss of 
more than two hydraulic systems (and preferably only one) with any one failure. 

With this proposed design, there is no change in the avionics, no change in the electronic 
circuitry, and no change in the -4SA hardware. The resulting hydraulic power drive unit 
is smaller than the existing unit because two large switching valves are replaced by one 
small switching valve. 
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Incorporation of the proposed hydraulic power drive unit results in total weight savings 
of about 20 pounds. A rough-order-of-magnitude cost estimate based on a similar com- 
mercial aircraft change and updated to  current prices is $2 million, including four ship 
sets and one for the FCHL. The impact on the schedule would be about 15 months. 

It is also recommended that the rudderkpeed brake gear ratio be reevaluated and, if it 
proves to be greater than required, it be revised to provide only the required design 
hinge moment. If the gear ratio can be reduced, the structural load requirements will be 
reduced and the hydraulic flow required for a given rudder ra te  will be reduced. This 
would result in an increased available rudder surface rate  for combined flight control 
surface operation during both normal and single hydraulic system operation. 

3.3.4.2.9 Elevon Actuation - The possible single failure points downstream of the 
switching valves in _each elevon actuator package which can cause loss of all three 
hydraulic systems and result in loss of the Orbiter are  too numerous to identify and avoid 
by overdesign and superior inspection procedures. There are four single type actuator 
packages, each of which drives one elevon surface. Each existing elevon actuator 
package (Figure 3-29) incorporates a four-channel servo which has 12 critical com- 
ponents, four dynamic feedback sensors, a switching valve manifold, a power valve 
manifold, and an actuator. This results in 19 critical components in each elevon actuator 
package, for a total of 76 critical components in the elevon actuation system, all of which 

R3 P3 

' I  ! 
R2 P2 P1 7 1  

; I  I '  

CIRCUITRY - 
TO PWR VALVES ~ 

I FIGURE 3-29. EXISTING DESIGN OF ELEVON ACTUATOR 
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have multiple inherent single failure points as  a pressure vessel. If external leakage 
greater than 0.1 gpm develops in any of these 76 critical components, the three hydraulic 
systems may be lost, with subsequent loss of the Orbiter. The single failure points may 
be seal failures, fractured housings, or bolt failures. Seal single failure points have been 
adequately treated by incorporation of redundant seals and seal barriers. However, t h e  
problems of fractured housings and screw failures have not been properly addressed. 
Aircraft service records indicate that both of these problems exist on similar type ac- 
tuator packages used on aircraft now in service. Since transport aircraft designs 
incorporate greater redundancy, such as  redundant control surfaces as well as  tandem 
actuators, the fractured housings and bolt failures that have occurred have not been 
catastrophic, but similar type failures on the Orbiter elevon actuator packages would be. 

Each elevon actuator package incorporates two switching valves which automatically 
select one system after another after failure of the primary system for elevon power sup- 
ply. This fact, in addition to-the numerous single failure points which exist downstream 
of the switching valves, limits the redundancy and reliability that can be achieved with 
the existing Orbiter elevon actuation system. 

, 

All the elevon actuator packages must be operable to  ensure safe flight and landing. 
Each is therefore a Criticality Category 1 hazard item in two ways: (1) it is a pressure 
vessel whose failure downstream of the switching valves will cause loss of all three 
hydraulic systems and subsequent loss of the Orbiter, and (2) it is a structural member 
the failure of which wil cause loss of control of that  surface, and under adverse 
conditions, the subsequent loss of the Orbiter. 

With the existing elevon actuation system and normal two or  three hydraulic system 
operation, the flow available for combined flight control surface response during normal 
combined control demands is marginal during approach and landing under adverse con- 
ditions. This condition exists because the actuators are sized to deliver 100 percent 
design hinge moment. Different hydraulic systems supply each actuator to distribute the 
horsepower requirements among the  systems and not overload any one system. 
However, this distribution increases the total flow requirement when roll control is 
superimposed on pitch control. There is a flow deficiency for single system operation 
during approach and landing and it is doubtful if a successful landing could be made with 
only one system operable. This situation will be explained and discussed in greater detail 
in the comparison of the recommended actuator design with the existing design. 

A n  analysis based on commercial aircraft service records indicates the existing elevon 
. t(*t  uation system is vulnerable to failure during its 10-year operational life. The average 
fllcht time for domestic aircraft is about the same as the Orbiter flight time; however, 
( Immwcial aircraft do not have on-orbit t ime. Although the hydraulic systems are  

I - .u r i~ed  to only 60 psi and 300 psi during on-orbit time, this time will include 7 to 30 
: - of 

0 
(*lit* operation for thermal cwnditioning of the hydraulic fluid. 
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It must be recognized that there is little experience or data from which a failure ra te  
probability can be established for the environments that  will be encountered during on- 
orbit time. Nevertheless, on-orbit time becomes a factor in producing possible 
catastrophic failures with the existence of single failure points within a system. 

Extrapolating from our DC-10 flight control actuator package service records (3,000,000 
flight hours), there is a low probability of achieving no failures using the single actuator 
and switching valve concept presently baselined, even with a fortress type program 
incorporated. Therefore, it is recommended that tandem elevon actuator packages 
incorporating a fortress program consisting of rip-stop construction, fracture control 
plan or a dual load path, optimum design, and superior quality control methods be in- 
corporated in the operational Space Shuttle Orbiter. 

Rockwell proposed a tandem elevon actuator package design (Figure 3-30) that  
eliminated all the single failure points as  a pressure vessel in the actuator packages. 
Although the material available does not specify rip-stop construction, it is assumed that  
the Rockwell design incorporated this feature as it is the only obvious method whereby 
all the single failure points could be eliminated in the proposed design. 

SHUTOFF AND 

WITH POSITION 
INDICATOR 

BY-PASS VALVE 

CCHANNEL LOAD 

POSITION FIB 
TRANSDUCER 

FIGURE 3-30. ROCKWELL PROPOSED TANDEM ELEVON ACTUATOR 

Each half of the actuator produces 100 percent design hinge moment. Since the structure 
is designed for only 100 percent load. Rockwell added 2 linked shutoff and bypass valves 
with a position indicator that controls pressure supply to the tandem actuator so that 
only half the cylinder is operating at  any time. This avoided the need for increasing the 
structural strength but decreases the reliability of the tandem actuator. 
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A four-channel servo was added for each elevon package, which has a large avionics 0 
impact. The electronic circuitry and ASA hardware were doubled for the elevon 
actuation system. There was a 7.5 percent increase in hydraulic power required. The 
actuator length increased and wing structure modifications and new actuator support 
fittings were required. The cost, weight, and schedule impact was large. 

I 
I 

I 
I 

McDonnell Douglas Corporation (MDC) proposes tandem actuator packages 
(Figure 3-31) which eliminate all the single failure points as a pressure vessel in the 
elevon actuator packages. The 76 components will no longer be Criticality Category 1 
items. The proposed actuator packages incorporate rip-stop construction to prevent 
fracture propagation that might cause the loss of more than two (preferably only one) 
hydraulic system. Additional soft seals can be avoided by using a special sandwich-type 
construction employing brazing. 

SHUT-OFF VALVE 

TYPICAL 
CHANNEL 

BYPASS VALVE TANDEM ACTUATOR 
REVISE TO BYPASS AT 
0 PSI AND WHEN ENERGIZED. 

(50 PERCENT HM/HALFI 
FRACTURE CONTROL DESIGN OR DUAL LOAD 

RIP STOP CONSTRUCTION 

FIGURE 3-31. MCDONNELL DOUGLAS PROPOSED TANDEM ELEVON 

ELECTRONIC PL p~ (SHOWN AT 0 PSI IN BYPASS PATH 
CIRCUITRY 

TO PWR VALVES AND DEENERGIZEDJ 

ACTUATOR 

The hydraulic systems are rerouted in the actuator packages so that separate power is 
supplied to each channel of the four-channel servo. Hydraulic System 1 supplies power to 
Channel 1; Hydraulic System 2 supplies power to Channel 2; and Hydraulic System 3 
supplies power to Channel 3. Channel 4 derives its power downstream of one of the 
switching valves so that Hydraulic System 3 is primary and Hydraulic System 2 serves 
as  a standby source of power. This arrangement preserves the existing design criteria 
for the 'servo which is fail-opernti~~c/fnil-operative/fail-safe; i.e., with any single 
electrical failure, three channels remain oprative for voting. This is the same approach 
used on the proposed rudderispetd h k c  hydraulic power drive unit redesign. 

(3 
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The pressure differences between the hydraulic systems supplying the channels are  
small except for transient pressures. The existing electronic circuitry is tolerant of these 
differences. The solenoid-operated bypass valve in each channel must be revised to 
bypass a t  0 psi and when energized. This revision is minor. 

n1 GPM 

Each half of the proposed tandem actuator produces approximately 50 percent design 
hinge moment. The normal actuator output is 100 percent design hinge moment with any 
two hydraulic systems operative, as  both halves of the actuator normally are  
pressurized. 

0 SYS 2 SYS 3 t 30.1 LIE 
4 )  -14.8 ROE 

14.8 GPM 1 5 3  

With this arrangement, improved surfaces rates are available for normal operation. The 
system supply can be such that additional flow is not required when roll control is 
superimposed on pitch control. 

- 
72GpM - 15.0GPM 

- 

..SYS 1 SYS 3 ROLL 2W/S 
v t 72  LOE 

t 15.0 LIE 

- 7 2 R O E  
l5EW 72GFM -15.0 RIE - - 

FIGURE 3-32. COMPARISON OF ELEVON SYSTEMS FLOW REQUIREMENTS 
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With system leakage and any reyuired directional control, the pump capacity of approx- 
imately 68 gpm is exceeded. As the surface rates used in these calculations are  normally 
of the same magnitude as  those used in design, the existing systems are marginal in 

conditions. 
. horsepower delivery, particularly during approach and landing under adverse , 

Thc same system is not primary on both inboard elevons in the existing design because 
t h e n  the pump flow delivery would be marginal for pitch control alone. 

With the MDC-proposed tandem elevon actuator packages (Figure 3-32), System 1 
can be made primary on half the tandem on all elevon actuator packages and System 3 
can be made primary for the other half without exceeding pump flow delivery. This 
results from the fact that  each half of the tandem produces only about 50 percent hinge 
moment and therefore needs only half the flow required by the single actuator to pro- 
duce the same elevon surface rate. 

For a 20 deg/sec pitch control command, a total of 44.4 gpm is required (7.2 gpm LOE, 
15.0 gpm LIE, 15.0 gpm RIE, and 7.2 gpm ROE). A slight reduction in flow was obtained 
by rerouting separate systems to each channel of the four-channel serevo, and that is the 
reason flow requirements are  slightly less than half of those required by the existing 
single actuators. 

I 

Now, when a roll command of 20 deg/sec is superimposed on pitch command, an addi- 
tional 7.2 gprn and 15.0 gpm are  required for the left elevons, but the right elevons do 
not have to move as far as they would have for pitch command alone, and a negative re- 
quirement of 15.0 gpm and 7.2 gpm results. Therefore, no additional flow is required for 
roll command superimposed on pitch command with the proposed arrangement. 

The total flow required is 44.4 gpm per system as compared with 60.2 gpm per system 
with the existing arrangement. This is a 25 percent reduction in the required flow for 
combined surface commands. More importantly, the 44.4 gpm per system required by 
the proposed tandem actuator packages, when combined with system leakage and direc- 
tional control requirements, does not exceed the existing pump delivery capacity. In 
addition, surface rates only slightly subnormal are obtained for single system operation 
during approach and landing. 

1- 

If either System 1 or 3 is the only remaining operative system, automatically only half 
the tandem actuators a re  operative. For the case of System 2 being the only operative 
system, a small solenoid-operated shutoff valve is installed in each actuator package. Im- 
mediately before approach and landing, these valves are s h u t  off, which inactivates half 
of each tandein actuator package. Therefore, when only one system is operative, the 
same flow is reyuired for surface response as for normal operation. However, the hinge 
moment  is only about :liO percent of that which is normally available. Since y is reduced a t  
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the  slower speeds encountered during approach and landing, the loads are  reduced. The 
hinge moment available with only half the tandem actuator operative is adequate for 
landing. 

A comparison of surface rate  capabilities (Figure 3-33) shows that with one hydraulic 
system operating, the surface rates available with the proposed system are  increased 
more than 100 percent over those available with the baseline system. With two hydraulic 
systems operating the surface rates available with the proposed system are  increased 
appreciably over those available with the baseline system, particularly for combined sur- 
face commands. 

MDC PROPOSED SYSTEM VERSUS BASELINE SYSTEM 

ONE HYD SYSTEM OPERATION TWO HYD SYSTEMS OPERATION 

w 
I- a a 
Qc e a > w 
4 w 

RUDDER RATE '/S RUDDER RATE O/S 

FIGURE 3-33. SURFACE RATE CAPABILITIES 

The MDC-proposed elevon tandem actuator packages (Figure 3-34) can be fit into the 
same envelopes as the existing single actuator packages. The same pin center lengths 
have been retained by use of an internal tail rod. The identical normal operating loads 
have been produced by balancing the actuator ai-eas. The actuator is made smaller in 
diameter so that only 50 percent design hinge moment is produced by each half. Thus, 
the existing wing structure and support fittings can be used without change. The four- 
channel servo has been retained so that no change is required in the electronic circuitry 
or ASA hardware. 

The proposed tandem actuator package retains two switching valves and a control valve. 
Anothel. control valve and a small solenoid-operated shutoff valve have been added. It is 
recommended that a combination of a fracture control plan for part of the actuator and a 
dual load path for the remainder be incorporated. 

69  



% 
EXISTING ACTUATOR PIN CENTER LENGTH 

FIGURE 3-34. MCDONNELL DOUGLAS PROPOSED TANDEM ELEVON ACTUATOR 

The weight change with incorporation of the proposed tandem elevon actuator packages 
is estimated to be less than 100 pounds total for the Orbiter. Some of this weight may be 
saved by incorporating a fuel management system, since Systems 1 and 3 become 
primary and System 2 becomes a standby system with the proposed arrangement. 
Therefore, the hydrazine fuel carried to power hydraulic System 2 could be reduced, and 
transfer valves used to transfer fuel from System 1 and System 3 if a failure in either of 
those systems occurs. 

The cost of implementing the change in the tandem actuators should be about equivalent 
to that which was incurred in changing from Hydraulic Research elevon hardware to 
Moog hardware. A rough-order-of-magnitude cost based on a similar change made on a 
commercial aircraft and updated to current prices is $5 million, which includes four 
shipsets of hardware, one set for the flight control hydraulic laboratory and hardware 
for qualification testing. The schedule impact is about 15 months. 

The total weight increase is 80 pounds for incorporating the MDC revisions on the rud- 
der/speed brake hydraulic power drive unit and the tandem elevon actuator packages as  
compared with the total weight increase of 985 pounds for incorporating Rockwell’s pro- 
posed revisions. The weight increase of Rockwell’s revisions was greater because of an 
increase in weight in the wing structure and avionics required by its proposal, whereas 
there a re  no changes in these areas required for our proposal. In addition, both of 
Rockwell’s proposed actuating packages weigh more than our actuating packages 
because they are  larger and more complex. . 
A functional comparison of the existing single elevon actuator packages with the MDC- 0 
proposed tandem elevon actuator packages is presented in Figure 3-35. 
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FIGURE 3-35. FUNCTIONAL COMPARISON OF ELEVON ACTUATORS 

3.3.4.2.10 Comments on Space Shuttle Hydraulic Servocontroi Actuator Single-Load- 
Path,  Single-Cylinder Arrangements - MDC has accumulated 3 million hours of flight 
time reliability data on DC-10 servocontrol packages which approximate those used in 
the Space Shuttle. These data were reviewed and the failures analyzed and then applied 
to the  Space Shuttle hardware to arrive a t  some probability of failures for various 
actuator arrangements. The results are  given in Table 3-2 and graphically presented in 
Figure 3-36. The effects of extended periods of time in space have not been included; 
thus, the results give but gross relative comparisons. The results do show the distinct 
advantage of the  dual-load-path arrangment when compared to the  single- load-path 
design. All flight control and TVC actuators on the Space Shuttle are single-load-path, 
single-cylinder arrangements. 

Arrangement No. 12 is for the Orbiter elevon actuator as it is presently configured. 
Applying a fracture control plan to the hardware removes five of the original 24 critical 
failure paths used to  develop the probability of failure of 5.1 x 10-6 obtained by applying 
Douglas Aircraft flight reliability data. Thus, arrangement No. 11 with a probability of 
failure of 4 x 10-6 for 19 critical failure paths was not greatly improved. By repiping the 
servocontrol channels to eliminate the loss of all hydraulic supplies in the event of a 
fractured housing in any one of the servo channels reduces the probability of failure rate 
to 1.7 x' (arrangement No. 8). Because the actuator is assembled with the use of 
many screws, numerous chances of a failure still exist. A large improvement is apparent 
with the use of a single-load-path tandem actuator (arrangement No. 6). 
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The actuator reliability is greatly improved when the loadpath as well as  the cylinder 
becomes dual, as  shown in arrangement No. 3. Commercial flight control hydraulic 
servoactuators in most cases comply with arrangement No. 3 or 4. They use redundant 
control surfaces which are driven by a tandem-cylinder, single-loadpath actuator driving 
each individual surface. The MDC-proposed tandem actuator (arrangement No. 5) has a 
dual loadpath through portions of its design. A dual loadpath throughout could also be 
provided, but at t h e  expense of additional weight. Its probability of failure would then be 
the same as  arrangement No. 3. 
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The SSME-TVC and SRB-TVC actuators (arrangements 14 and 18, respectively) 
without the fracture control plan applied show a lower probability of failure than the 
elevon actuator..This is due to the fact that  they are in operation a shorter period of 
time, and a larger leakage rate  can be accommodated by this hardware. For these 
reasons, applying a fracture control plan to the hardware shows a greater improvement. 

I 

I 

I 

~ 

The rudder/speed brake hydraulic module (arrangement No. 16) as it now exists has a 

same time interval. This is because some of the failure modes associated with the 
actuatof such as a single cylinder and loadpath, are not found in the rudderlspeed 
brake. Incorporating the changes in the rudder/speed brake design as recommended by 
MDC will provide the redundancy required to greatly decrease its probability of failure 
(arrangement No. 15). , 

lower probability of failure than the elevon actuator even though they operate over the 
~ 

I 

I 
I 
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The Air Force line of acceptability (Figure 3-36) is based on the analysis of complete 
flight control systems. The rest of the points in the figure are  for individual modules. 
The probability of failure of the modules must be considerably below the Air Force line 
of acceptability to allow a system to be acceptable, 

These data  a re  presented to show relative merits between modules of various 
configurations and to help one judge the advantages of one arrangement over another. 

3.3.4.2.11 Orbiter Architecture Assessment Summary - It is recommended that a 
Fortress program be implemented for the SSME TVC actuator packages, that  the MDC- 
proposed redesign of the rudder/speed brake hydraulic power drive unit and the MDC- 
proposed tandem elevon actuator packages be incorporated in the Space Shuttle Orbiter 
as soon as possible. 

These recommended revisions will result in eliminating 100 components from being 
Criticality Category 1 items and will increase the combined control surface rates that are  
available during the critical approach and landing phase of flight to make them conform 
with normal design practice. 

3.3.4.3 Calculations - The following calculations are  used to analyze the Space 
Shuttle hydraulic system architecture. 

3.3.4.3.1 SRB Horsepower Requirements (Normal Operation) - The SRB TVC 
hydraulic actuator systems are  designed to deliver sufficient horsepower to produce a 
minimum gimbal ra te  of 5 deg/sec under rated load. With loss of one hydraulic system, 
the remaining system increases its horsepower delivery. Assuming the actuator cylinder 
and rod diameters have been correctly chosen, the actuator flow required to produce a 5- 
deg/sec gimbal rate is calculated as follows: 

where 

, Area, A, = 41.991 in.* 
+o.oo 1 
-0.000 

Actual Cylinder Diameter, D, = 7.3 I2 

+o.ooo 
-0.00 1 

Rod Diameter, D, = 3.497 ,Area, A, = 9.605 in.2 

Net Cylinder Area, A = 32.386 in.* 

Piston travel rate, = 6.34 ips for 5 degrees per second gimbal rate. 
P 
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The cylinder rated flow, Q, is 

Q, = i , xA ’ 

Q, = 6.34 x 32.386 = 205.333 cis = 53.333 gpm 

The actuator package specified maximum leakage QL = 3 gpm. 

Then the actuator rated flow, &A is 

QA = Q, + QL = 53.333 + 3 = 56.333 gpm 

At  rated flow, QA, the pressure drop, A P N ,  through the piping network (filter, fittings, 
hoses, and manifold) is 34 psi a t  120°F. Reservoir pressure P, is 60 psi. 

In  order to achieve the desired rate  of 5 degrees per second, i.e., an actuator stroke of 
6.34 ips, under rated load, the pressure drop through the actuator package AP,, a t  
rated flow with the control valve wide open must not exceed the value calculated below. 

The pressure required for rated load ( APRI,) is 

4.2 x lo6 
= 1956 psi 

M - APRL - - = 
LxA 66.33 x 32.38 

The allowable pressure drop through the actuator package a t  rated flow ( AP,,) is 

where: I 

I 

APRL = Pressure required for rated load (psi) I I 

M 

L = Moment arm = 66.3 in. 

A 

= Rated torque load = 4.2 x lo6 in. lb . 

= Cylinder net area = 32.386 in.2 

= Allowable pressure drop through actuator package at rated flow (psi) PAA 

APR = Pressure drop through flow network at rated flow = 34 psi 

= Reservoir pressure = 60 psi 

= System pressure = 3000 psi 

P R  

PS 
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With 3000 psi inlet pressure to the actuator package, a load equivalent to 1960 psi in the 
actuator, and the control valve fully open, the piston rod travels a t  8.5 in./sec. This 
information was verified by test a t  Moog and verbally confirmed by Moog. 

The test flow (QT) was 

(XT )(A)(B) - 
QT - C 

= 7 1.488 gpm 
- (8.5)(32.38)(60) 

QT - 23 1 

The pressure drop through the actuator a t  the test flow ( APT) was 

APT = P, - AP,, = 3000 - 1960 

APT = 1040 psi - 
where: 

QT = Test flow (gpm) 

xT 
A 

B = 60sec/minute 

C = 231 in.3/gallon 

APT = Pressure drop through actuator at test flow, psi 

= Test piston travel rate = 8.5 in./sec 

= Cylinder net area = 32.386 in.2 

P, = Actuator inlet pressure = 3000 psi 

At rated flow the pressure drop across the actuator package with the control valve fully 
open using the above test data ( A PA) is 

QA2 pT - - (56.333)* x (1040) 
APA = 

(7 1 .488)2 
QT 

APA = 645.79 psi 

where . 
APA = Calculated pressure drop  through the actuator package using above test data (psi) 
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The pressure drop through the actuator package is within the desired limit, s960 psi, as  
calculated in the preceding equation. Therefore, a gimbal ra te  of 5 deg/sec is available. 
In fact, it will exceed 5 deg/sec if not limited by the software. 

3.3.4.3.2 SRB Standby Power (113 Percent Overspeed) - With the failure of one 
hydraulic system, a gimbal ra te  of 3 deg/sec under rated load is specified. Therefore, the 
hydraulic pump must deliver sufficient flow for operation of the two actuators as  follows: 

Flow Required = 2 [". 5 + QL 

+ 3 ]  = 70gpm 
= 5 

where 

Q, = Cylinder rated flow, gpm 
, 

QL = Actuator package leakage, gpm 

With the APU operating at  113 percent times rated speed minus 8 'percent  of 100 
percent, which corresponds to  pump operation at  113 percent rated speed minus 8 
percent of 100 percent rated speed, the pump delivers 

- [(1.13)(3804) - (0.08)(3804)] (4.3 x 0.9363) - 
23 1 

- (3994)(4.3)(0.9363) - 
23 1 

= 69.62gpm 

where 

P,, = Pump rated speed (100 percent), rpm 

P, = Pump displacement/rev (cu in.) 

Pv, = Pump volumetric efficiency, percent (pump specification requires 66.3 gpm delivery at 
3804 rpm, which is 93.63 percent) 
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The gimbal rate under the above conditions is 

69.62 
= 5  [T - 3  

52.33 

= 2.98 deg/\cc 

w herc : 

0 = Minimum pump delivery (gpm) - 'MIN - 
Qc = Cylinder rated flow (gpm) 

T h c  gimhd rate is marginal under adverse conditions, but essentially satisfies the 3 
dcg/sec rcyuirement. This calculation has assumed that an overspeed of 113 percent, 
identical to the Orbiter overspeed, is incorporated in the SRB. 

3.3.4.3.3 SHB Standby Power (No Overspeed) - If the horsepower delivery problem 
were approached as  for an aircraft application, every effort would be made to design the 
systems so that with the loss of one hydraulic system, the remaining system would not 
be required to increase its horsepower delivery, and would thereby eliminate the need 
for an APU overspeed operation. 

0 

When standby power is required, the single hydraulic pump in the remaining operative 
system at its normal flow delivery (133 percent rpm normal Orbiter hydraulic pump 
output )  provides the specified 3 deg/sec gimbal rate emergency operation requirement 
without requiring APU overspeed operation. 

' ,  

I 

The nominal gimbal ra te  (GRsoM) is calculated as follows: 
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GRNOM = 2.99 deg/sec 

where 

GRNo, = Nominal gimbal rate, deglsec 

PN = Nominal pump speed, 103 percent rated rpm 

PD = Pump displacementhev, cu in./rev 

PVE = Pump volumetric efficiency, percent (see Paragraph 3.3.4.3.2) 

- 
QN - Nominal actuator package leakage, gpm 

C = 23 1 cu in./gallon 

Q c  = Cylinder rated flow (gpm) (see Paragraph 3.3.4.3.1) - 
With the loss of one hydraulic system and an accumulation of adverse tolerances in the 
remaining operative hydraulic system, the available maximum gimbal ra te  is 
2.67 degtsec, as calculated below. 

-31 

(39 18 - 304)(4.3)(0.9363) 
(2) (23 1 )  

53.33 
GRAD, = 5  

17 

GR,,, = 2.67 degtsec 

where: 

GRAD, = Gimbal rate with adverse tolerances, deg/sec 

pN = Nominal pump speed (103 percent rated), rpm 

PRS = Pump rated speed (100 percent) rpm 

PD = Pump displacement/revolution, cu in./rev 

PVE 

QC 

= Pump volumetric efficiency, percent 

= Actuator package maximum leakage (gpm) 

C = 231 cu in./gallon 

Q c  = Cylinder rated flow (gprn) (see Paragraph 3.3.4.3.1 ) 
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3.4 CONCLUSIONS AND CORRECTIVE CONCEPTS 

A product of this assessment is a listing of the single failure points described for NASA 
in our final presentation and material (see the Summary section of Appendix B). In addi- 
tion, each section of this report expands on the background data describing each single 
failure point. Where possible, recommended changes are provided. In some cases, cor- 
rective action has already been initiated (see Table 3-31, 

TABLE 3-3 

SFP ITEMS IDENTIFIED 

Booster 
Orbiter 

Total 

Total Closed* Open 

234 
471 - 

180 
316 

705 496 

64 
225 

289 

*Closed - Additional Tests Indicated OK 
- Corrective Action Taken 

Summary and recommendations sections for both the Solid Rocket Booster and the  
Orbiter hydraulic systems are contained in the Systems Architecture Assessment por- 
tion of this report. 

. 
It is recognized that  some of the  hydraulic equipment was designed to satisfy flight per- 
formance requirements stated in specification control documents. This assessment team 
has taken exception to  some of these requirements as being insufficiently definitive; 
e.g., "SSME TVC subsystem ascent mode. Safe abort capability shall be provided with 
the loss of one hydraulic subsystem." No reference is made to a single failure point in the 
servo actuator which can lose two hydraulic systems a t  the SSME TVC. This condition 
could result in questionable abort and landing capability. 

In addition to having numerous single failure points, the elevon system appears to pro- 
vide inadequate control surface rates during approach and landing. This condition exists 
with all three systems operative and becomes worse with two systems inoperative. An 
alternative configuration for the elevon actuation system has been proposed which can 
eliminate these deficiencies. 

Appendix A provides a summary listing of problems discussed in the text  of this report. 
It is the list pmvided with the final presentation a t  NASA-Headquarters at Washington, 
D.C., updated to include a few items which w e r e  omitted a t  that time. 
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APPENDIX A 

SUMMARY LIST OF PROBLEMS 

NOTE: ITEMS ADDED OR REVISED SINCE FINAL 
PRESENTATION ON JULY 11,1978 ARE 
PRECEDED BY AN ASTERISK*. 
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SPACE SHUTTLE 
HYDRAULIC SYSTEM 

-ASSES§MENT 
NASA HEADQUARTERS PRESENTATION 

WASHINGTON, D.C. 
JULY 11.1978 

AGENDA SPACE SHUTTLE 
HYDRAULIC SYSTEM ASSESSMENT 

INTRODUCTION 

CHARTER 

ASSESSMENT . 
SUMMARY 

R. D. WHITE 

R. D. WHITE 

D. F. GREENE 
AND STAFF 

D. F. GREENE 
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0 ASSESS ORBITER AND SRB HYDRAULIC SYSTEMS 

0 BASELINED ON OFT 102 CONFIGURATION 

0 EMPHASIS IS ON OPERATIONAL SHUTTLE 

0 ASSESS POTENTIAL FOR LOSS OF SHUTTLE DUE TO 
HYDRAULIC SYSTEM FAILURES - 

IDENTIFY CRITICALITY CATEGORY I ITEMS 

0 SINGLE FAILURE POINTS (SFP) 

0 SINGLE FAILURE CONDITIONS (SFC) 

0 RECOMMEND CORRECTIVE ACTION 

SPACE SHUTTLE 
HYDRAULIC SYSTEM ASSESSMENT 

. 
INTRODUCTION 
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MCOONNELL DOUGLAS ns? 

SPACE SHUTTLE HYDRAULIC SYSTEM 
ASSESSMENT 

0 ASSESSMENT TEAM 
0 SCHEDULE 
0- 0 B J ECTl VES 
0 TECHNICAL ASSESSMENT 
0 SUMMARY 

MCDONNELL DOUaLAS s 
MDC ASSESSMENT TEAM 

. '  

J. A. CHAMBERLIN 

D. F. GREENE 

D. M. BECK 

0. E. EVANS 

C. H. GOLDTHORPE 

J. ilTTLE 

MDC TECHNICAL DIRECTION 

PRINCIPAL ENGINEER 

RELIABILITY AND SAFETY 

POWER SYSTEMS 

SERVO ACTUATORS 

SYSTEM ARCHITECTURE f"l 
d 

I 
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SPACE SHUllLE HYDRAULIC SYSTEMS ASSESSMENT 

111 

IV , 

DEVELOP CORRECTIVE 4 
CONCEPTS 

BRIEFINGS AND REPORTS -+ .c 

z F. c 

A5 A6 A 
7 rC16 ~ t 7  

4% A t 3 *  4 4  
MILESTONES 

1. ORIENTATION AT JSC 
AND MSFC 

2 0 R i E N T A T l O N  AT R I  
3. START ASSESSMENT 
4. MIDTERM BRIEFING 

AT JSC 
FINAL BRIEFING AT JSC 6 m n 8  ii FINAL BRIEFING AT HQ 71 i in8  

7. FINAL REPORT 811 i n 8  
SUBMITTED 

NO E: D O l T E D  SYMBOLS 4.' INDICATE 
ORIGINAL MILESTONES. 

MCOONNPLL OOUOLAS s 
OBJECTIVES OF ASSESSMENT TEAM 

0 IDENTIFY CRITICAL ASPECTS OF SPACE SHUTTLE NOT NORMALLY 
ACCEPTABLE IN AIRCRAFT DESIGN 

0 IDENTIFY SINGLE FAILURE POINTS (SFP) THAT RESULT IN A 
CRITICALITY CATEGORY I CONDITION 

. 0 FOR AREAS THAT DO NOT CONFORM, CONSIDER AND EVALUATE 
ALTERNATE DESIGN CONCEPTS - COST IMPACT 

- SCHEDULE IMPACT 

0 ARCHITECTURE ASSESSMENT EVALUATION 
- HORSEPOWER REQUIREMENTS 
- SYSTEM REDUNDANCY 
- SYSTEM ARRANGEMENT 
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WCOONNKLL OOUOLIS g: c 

HARDWARE REVIEWED 

SOLI0 ROCKET BOOSTER 
HYDRAULIC POWER SYSTEM 

PUMP 
FLU10 MANIFOLD 

RESERVOIR 
QUICK DISCONNECT FITTING 
MANUAL SHUTOFF VALVE 
CHECKVALVE 
LINES AN0 FITTINGS 
HOSES 

FILTER . -  

ORBITER 
HYDRAULIC M W f R  SYSTEM 

PUMP - 
RESERVOIR 
RELIEF VALVE 
FILTER MODULE 
ACCUMULATOR 
ACCUMULATOR PRIORITY VALVE 
MANUAL DUMP VALVE 
PRESSURE ACTUATED CONTROL VALVE 
CIRCULATION PUMP 
BYPASS RELIEF VALVE 
OILlFREON HEAT EXCHANGER 
THERMAL CONTROL VALVE 
QUICK OISCONNECT 
PRESSURE TRANSDUCER 
TEMPERATURE TRANSDUCER 
CHECKVALVE 
HOSE 

MAIN ENGINE GIMBAL ACTUATION 
DUICK OICONNECT 
HOSE 
CHECK VALVE 

RUDDER/SPEEDBRAKE 
OLEOPHOBIC FILTER 
SHAFT SEAL DRAIN MANIFOLD 
HOSE 

BODY FLAP 
HYORAULIC MOTOR 
OLEOPHOBIC FILTER 
SHAFT SEAL DRAIN MANIFOLD 
HOSE 

ACTUATOR, UMBILICAL RETRACTOR 
ACTUATOR 
HOSE 
MAN1 FD LO 

MAIN LANDING GEAR 
UPLOCK ACTUATOR 
MAIN LANDING GEAR ACTUATOR 
ISOLATION VALVE 
CONTROL VALVE 
DUMP VALVE 
RETRACT CYLINDER 
Y A N I f  OLD ASSV 
f lLTER 
HOSE 
UPICIRCULATION VALVE 
CHECKVALVE 

WHEELS AND BRAKES 
PRESSURE REGULATOR 
BRAKE CONTROL VALVE MODULE 
BRAKE ASSEMBLY 
HOSE 
WHEEL ASSEMBLY 
PRESSURE TRANSDUCER 
QUICK OISCONNECT 

NOSE LANDING GEAR 
LANDING GEAR ACTUATOR 
UPLOCK ACTUATOR 
MANIFOLD 
CYLINDER 

NOSE WHEEL STEERING 
STEERING AN0 DAMPING ACTUATOR 

SRB-TVC ACTUATOR 
SERVOVALVE 
DYNAMIC PRESSURE FEEOBACK MOOULE 
SERVOVALVE APSENSOR 
SWITCHING VALVE 

LOCK VALVE 
TRANSIENT LOAD RELIEF VALVE 
PISTON ROD 
CYLINDER 
ACTUATOR POSITION FEEOBACK MECHANISM 
INLET FILTER 
SOLENOIO ISOLATION VALVE 
LOA0 PRESSURE TRANSDUCER 

mwm VALVE 

SSME-TVC ACTUATOR 
SERVOVALVE 
DYNAMIC PRESSURE FEEDBACK MOOULE 
SERVOVALVE AP SENSOR 
SWITCHING VALVE 
POWER VALVE 
FORCE LIMITER VALVE 
PISTON R O O  
CYLINOER 
ACTUATOR POSITION FEEDBACK MECHANISM 
INLET FILTER 
FILTER AP INDICATOR 
SOLENOIO ISOLATION VALVE 
LOCK VALVE 
LOAD AP TRANSDUCER 
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ELEVON ACTUATOR 
SERVOVALVE 
SERVOVALVE APSENSOR 
SWITCHING VALVE 
POWER VALVE 
PISTON AP SENSOR 
PISTON ROO 
CYLINDER 
ACTUATOR PISTON LVOT 
INLET FILTER 
FILTER AP INDICATOR 
SOLENOIO ISOLATION VALVE - 

R/SB HYORAULIC CONTROL MOOULE 
SERVOVALVE 
SERVOVALVE AP SENSOR 
SWITCHING VALVE 
TRIPLEX POWER VALVE 
INLET FILTER 
FILTER AP INDICATOR 
SOLEN010 ISOLATION VALVE 
HYDRAULIC MOTOWBRAKE 

I I F  HYDRAULIC CONTROL MOOULE 
ENABLE SOLENOID 
PlLOT UP COMMAND SOLENOID 
PILOT DOWN COMMAND SOLENOID 
POWER VALVE 
HYORAULIC MOTOR/BRAKE 

S W E  FUEL VALVES 
SERVOVALVE 
SHUTTLE VALVE 
BYPASS VALVE 

FAILSAFE SERVOSWITCH 
ROTARY ACTUATOR 
RVOT 

FAIL-OPERATE SERVOSWITCH 

I 

0 FAULT TREE ANALYSIS D. M. BECK 
0 IDENTIFIES CRITICALITY CATEGORY 1 

0 SINGLE FAILURE POINTS (SFP) 

0 QUALITATIVE TOOL 

0 HYDRAULIC POWER AND 
UTILITY SYSTEMS 

0 SERVOCONTROL SYSTEMS 

0 SYSTEM ARCHITECTURE 
e 
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FAULT TREE ANALYSIS 

%+ 

SPACE SHUTTLE FAULT TREE ANALYSIS %ss+'* 

MCOONNCLL DOUGLAS * s .  e 
PUR POSE: 

TO ASSURE ALL SINGLE-FAILURE-POINT (CRITICALITY CATEGORY I)* 
HAZARDS ARE IDENTIFIED 
0 ORDERLY, LOGICAL ANALYSIS METHOD 
0 PROVIDES OVERALL VlSlBlLlTY - RELATIONSHIPS AND QUANTITY OF 

HAZARD$ 
ANALYTICAL TOOL TO ASSIST ASSESSMENT 

SCOPE: 
ALL SRBlORBlTER HYDRAULIC SYSTEM EFFECTORS 
QUALITATIVE ANALYSIS 
BASED ON FMEA'S, SAR'S, HA'S, OTHER REVIEWS AND STUDIES, AND 
PARTICULARLY OUR ASSESSMENT OF THE SYSTEMlEQUlPMENT 
MISSION PHASES 
0 -ASCENT 
0 ENTRY/TAEM 

APPROACHAANDING 
ROLLOUT 

*LOSS OF VEHICLE/CREW 
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LOSS LOSS 
DURING DURING ROLLOUT 

LOSS 
DURING ENTRY/ 

TAEM APPROACH/IANDING 
LOSS 

WRING ASCENT 

. 

i 4 , 
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GATES ASCENT 
’ 

CRITICALITY I 
HAZARD CAUSED 
BY HYD POWER/ 
ACTUATION 
SYSTEM FAILURE 

I I 
ORBITER 
HYD POWER/ 
ACTUATION 

SRB TVC 
HYD POWER1 
ACTUATION SYSTEM FAILURE SYSTEM FAILURE 

- 

I i 

FAILURE IN 
RIGHT SRB 

FAILURE IN 
LEFT SRB 

m c o o ( 1 1 m ~ u  

UND(41 t = 5 MINUTES UND(4) t % 5 MINUTES 
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MCOONNRLL OOUOLU 
L s  

< I  

SINGLE FAILURE POINT SYMBOLS 

- UNDETECTED FAILURE* ‘- 
SFP ( 1 

- ACCEPTED RISK 0 

@ - 

SFP ( 1 0 - SIGNIFICANT (NOT ACCEPTABLE) 

SFP ( 1 
- NO LONGER A SINGLE FAILURE POINT** 

SFPf-) 

@ 
SFP ( ) 

- ELIMINATED WITH TANDEM ACTUATOR DESIGN 

* UNDETECTABLE/UNKNOWN FAILURE IN FLIGHT WHICH, COMBINED WITH 
ANOTHER HARDWARE ELEMENT FAILURE, COULD CAUSE LOSS OF LIFE OR VEHICLE 

**CORRECTIVE ACTION IS BEING TAKEN 

INLET FILTER 

. 
CIL 

,’ 

0 
SFP (24) SFP (SEVERAL) fwte+ SFP (8) 
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CRITICAL CATEGORY 1 SUMMARY Ips&-’ 

OPEN SIGNIFICANT ITEMS 

LEAKS 

LEAKS 

16 

16 

CATEGORY OF FAILURE 
(CRIT 1 

LEAKS 32 

- 16 

- 9 

9 48 

SINGLE FAILURE POINT 

(1) 

UNDETECTED FAILURE 

(1U) 

CONDITION * (1) 
SINGLE FAILURE 

TOTALS 

POWER CONTROL 

ORB 

203 

- 

13 

- 
- 
’ 216 - 

SUBTOTAL 
7 

SRB 

32 

16 

16 

- 
64 - 

ORB 

203 

13 

9 

TOTAL 

lEHlCLE 

235 

29 

25 

28; * 

CONDmON THAT IF IT OCCURS CAN RESULT IN L 
SYSTEMS SIMULTANEOUSLY (E. GAPU FLYING 

OF MI0 OR MORE WDRAdL)C 

**  Nof INCLUDING LEMS 
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VEHICLE 

POWER AND UTILITY SYSTEMS 
ASSESSMENT 

SYSTEM 

%ss*e 
POWER AND UTILIN SYSTEMS REVIEW 

SRB 

ORBITER 

HYDRAULIC POWER SYSTEMS 

HYDRAULIC POWER SYSTEM 
MAIN ENGINE GIMBAL ACT. 
ELEVON SYSTEM 
RUDDER SPEED BRAKE 
BODY FLAP 
E T RnRACT ACTUATOR 
MAIN LANDING GEAR 
WHEELS AND BRAKES 
NOSE LANDING GEAR 
NOSE WHEEL STEERING 

DUANTlTY OF 

2 
- 
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POWER AND UTILITY SYSTEMS %ss*.v 

SOLID ROCKET BOOSTER PROBLEMS 
RESERVOIR OVERFILLING 

0 PUMP HOSE AND LINE FATIGUE 
MANUAL SHUT-OFF VALVE 

ORBITER PROBLEMS 
0 HYDRAULIC SYSTEM LEAKAGE 
0 LEAKAGE OF FREON INTO OIL 
0 BRAKE PIPE AND HOSE DAMAGE FROM TIRE FAILURE 
0 BRAKE CONTROL VALVE LEAKAGE 

POWER AND UTILITY SYSTEMS 
POTENTIAL CATEGORY NO. 1 ITEMS NOT REVIEWED 

0 WATER SPRAY BOILER 

0 NOSE GEAR STEERING AND 
DAMPING SUBSYSTEM 

I 
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PROBLEM 
0 FLUID THERMAL EXPANSION 

(18OOF TEMP RISE = + 14 PERCENT RESERVOIR VOL) 
RESERVOIR PISTON BOlTOMS 
NO PRESSURE RELIEF 
RESERVOIR BURSTS 

RECOMMENDATIONS 
0 VENT LP RELIEF OVERBOARD 

0 LIMIT MAXIMUM OIL FILL VOLUME 
0 CHECK VOLUME AT COUNTDOWN 

0 AUTOMATIC LAUNCH HOLD FOR MINIMUM AND 
MAXIMUM OIL VOLUME 

OR 

- 

SRB - PUMP HOSES AND LINES %s*' 

PROBLEM 
PUMP PIPING CONFIGURATION SIMILAR TO EARLY DC-10 

LINES FAILED IN 40 HOURS 
0 LACK OF TEST DATA ON SRB SYSTEM 

UNACCEPTABLE 
0 DUAL FAILURE PROBABILITY 

RECOMMENDATIONS 
0 TEST PROTOTYPE OF PRODUCTION SYSTEM USING 

0 KISTLER PRESSURE TRANSDUCERS 

0 CONTINUOUS READOUT ON RECORDER 
0 LINE AllENUATOR AND LONGER HOSE IF REQUIRED 
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%&-- SRB - MANUAL SHUTOFF VALVE 

PROBLEM 
0 VALVE CAN LOOSEN IN SERVICE PANEL 
0 VALVE MOTION MAY DEFORM OR LOOSEN TUBING 

RECOMMENDATION 
0 PROVIDE ANTI-ROTATION DEVICE BETWEEN VALVE AND SERVICE PANEL 

LOCK JAM NUT 

ACTION TAKEN 
0 MSFC HAS INCORPORATED POSITIVE LOCK 



MCOONNELL 

MANUAL SHUTOFF VALVE 

U 

EXTERNAL HYDRAULIC LEAKAGE MAKE ORBITER 
VULNERABLE TO: 

THERMAL TILE SEPARATION 

APUFIRES 

HYDRAZINE LINE FREEZING OR OVERHEATING 

e LACK OF SEPARATION OF REDUNDANT POWER SYSTEMS 
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ORBITER - HYDRAULIC LEAKAGE 

PROBLEM 
0 CONTAINMENT OF TURBINE PUMPS 

0 VULNERABILITY OF: 

TVC ACTUATORS 

- BODY FLAP CONTROL VALVE 
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P 



0 

0 

0 

0 

0 

0 

WCDONNELL DOUGLAS g 
ORBITER - HYDRAULIC LEAKAGE 

TRANSPORT AIRCRAFT STATUS 

CURRENT WIDE-BODY AIRCRAFT PROBLEMS 
DC-lO/B747/L-1011 HAVE 
MAJOR IMPROVEMENT 

DOUGLAS SERVICE REPORTS PROVIDE 
DATA FOR 3 MILLION AIRLINE FLIGHT HOURS 

OTHER MANUFACTURERS INDICATE SIMILAR SERVICE PROBLEMS 
TO DOUGLAS AIRCRAFT DC-10 

MILITARY SERVICE DATA NOT READILY AVAILABLE 

AIRCRAFT FAILURE DATA 
FAA SERVICE DIFFICULTY REPORTS ISSUED DAILY FOR ALL 
DOMESTIC AIRLINES 

LEAKAGE STILL A PROBLEM WITH BEST AVAILABLE 
TECHNOLOGY 

. 
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04-08-18 ORIGCLOSED AAL 2710 f B747-123 

- 
ORBITER - HYDRAULIC LEAKAGE %SS*'~ 

. '-m8 I 

9667 043780u 

PROBLEM 
0 ORBITER MAY BE DAMAGED BY HYDRAULIC LEAKAGE 

0 SOAKED THERMAL TILES DEBOND DURING ASCENT 
VIBRATION + SOAKED TILE WILL FAIL BOND 
(VGES-135 JAN 1978) 

0 OIL ON APU WILL IGNITE AT 64ooF 
APU EXHAUST PIPE 
INSULATION-GAPS EXPOSE 1000°F SURFACE 
(R.I. PRESENTATION - JAN 1978) 

IF WET AT THERMAL SENSOR-WILL OVERHEAT (>1WF) 
IF WET AWAY FROM THERMAL SENSOR - HYDRAZINE FREEZES - APU WILL NOT START 
(SEH-ITA-77-262 - 

0 OIL DEGRADES HYDRAZINE LINE INSULATION CHARACTERISTICS 

J. F. CLAWSON 11-22-77) 

4@ Fll6HT STAIIDARDS 
gd SERVICE DIFFICULTY REPORTS 

AIRFRAME 
I 

I I L I C H T  CONTROL kl I n  AEROSPACE h h 
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*Gs&.. ORBITER - HYDRAULIC LEAKAGE 

0RBITER;TRANSPORT COMPARIWN 

ORBITER MSLGN IS EQUIVALENT TO CURRENT TRANSPORTS. 
E.G . LINE SfZES. SUPPORT SPACING FITTINGS. ETC. 

ORBITER ENVIRONMENT MUCH MORE SEVERE AND 
PROBLEMS WILL OCCUR SOONER 

LEAKAGE MAKES ORBITER VULNERABLE TO. 
THERMAL TILE SEPARhTtON 
A W  FIRES 
HYDRAZINE LINE FREEZING 

ORBITER HAS NO COMPLETE HYDRAULIC SYSTEM GROUND 
TESTS AT FULL ENGINE POWER 

ORBITER - HYDRAULIC LEAKAGE c&&- 
PROBABLE CAUSES-OF LEAKAGE 

a PRESSURE SURGES AND PUMP PRESSURE RIPPLE 
RAPID VALVE CLOSURE 
PUMP CASE DRAIN LINE 
PUMP PRESSURE LINE 

0 VEHICLE VIBRATION 

LINE ABRASION 
ABRUPT LINE W E  CHANGE AT REDUCER FITTJNGS 
LOOSENED FITTINGS 

0 LINES MISMATCHED AT INSTALLATION 

SERVICING MISHAPS 
LARGE SPILLS 

. I  

o i  
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G&e ORBITER - HYDRAULIC LEAKAGE * 

RECOMMENDATIONS 
0 SPECIAL INSPECTION OF SYSTEM INSTALLATION 
- PROPER FIT OF LINES AT INSTALLATION 
- LINE SUPPORT SPACING 
- CLEARANCE 

0 LOCK WIRE TUBE Fll l lNGS 

PUMP PRESSURE RIPPLE 
EVALUATE HIGH-PRESSURE LINE SURGES AND 

0 CONTROL FLOW OF EXTERNAL LEAKAGE 
. - SEAL SKIN LAPPED JOINTS AND RIVETS 
- DIRECT LEAK FLOW TO CONTAINERS SUMPS AND 

- CONTROL SPILLS DURING SERVICING 
OVERBOARD DRAINS 

CATCH SPILLS IN ABSORBENT PADS 
RIGOROUS CLEANUP AFfER WORK 

- 

0 PORTECT APU'S AND HYDRAZINE LINE INSULATION 
FROM HYDRAULIC LEAKAGE 

0 CONTAIN APU AND TURBINE PUMP 
-CONVOLUTED SCREEN AT INJECTOR WELL 

ORBITER - FREON LEAKAGE 

PROBLEM 
0 LEAKAGE OF FREON INTO HYDRAULIC FLUID MAY 

LOSE FLUID IN TWO POWER SYSTEMS 
0 FREON/OIL HEAT EXCHANGER IS VULNERABLE 

TO WELD CRACKS 
PRESSURE DIFFERENCE LEAKS FREON INTO OIL 

0 FREON 21 AND BUNA N PACKINGS NOT COMPATIBLE 

0 SERVO CONTROL RESPONSE DEGRADED 

RECOMMENDATIONS 
0 EVALUATE EFFECT OF VARIOUS FREON/OIL 

MIXTURES ON PACKINGS 

0 EVALUATE SERVO CONTROL RESPONSE 

PERIODIC ANALYSIS OF VEHICLE HYDRAULIC FLUID 
FOR FREON CONCENTRATION 

VIBRATION TEST FOR PRODUCTION ACCEPTANCE 

1 1 7  
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%s*& 
ORBITER - LANDING GEAR BRAKE SYSTEM 

PROBLEM 
0 LOSS OF BRAKE FLUID FROM: 

0 BROKEN HOSES 
0 EXTERNAL LEAKSAT BRAKE MANIFOLD 

0 MAY LOSE: 
0 50 PERCENT OF ALL BRAKING 
0 100 PERCENT BRAKING ON ONE MAIN GEAR 

0 STEERING AND STOPPING DISTANCE DEGRADED 

RECOMMENDATIONS 
0 MINIMIZE BRAKE SYSTEM FAILURES 

0 COMPLETE ONGOING ANALYSIS OF VEHICLE DECELERATION 

0 EVALUATE AUXILIARY BRAKING DEVICES 
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WHEEL BRAKE SUBSYSTEM 

PRESSURE 

SYSTEM 
NO. 2 

RETURN 

PRESSURE REGULATING 
VALVES (1500 PSI1 

CONTROLVAL 

ORBITER - BRAKE HOSE AND LINE DAMAGE 

PROBLEM 

0 ALL BRAKES ON ONE LANDING GEAR MAY BE LOST TOGETHER 

0 TIRE BLOWOUT OR SEPARATED TREAD 
MAY SEVER FOUR BRAKE LINES AND HOSES 

RECOMMENDATION 

0 SEPARATE SYSTEMS PER TRANSPORT AIRCRAFT STANDARDS 

0 LOCATE TWO BRAKE LINES EACH ON FORWARD AND AFT SIDE 
OF SHOCK STRUT (ONE OPTION) 
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MAIN LANDING GEAR %ss*k+ 

~ m u o o L L o u I  s 
HOSE LOCATION 

GC *+ 
U? c * - m e u  oouo- % 

ORBITER - BRAKE CONTROL %E&& 

VALVE LEAKAGE 
C' 

PROBLEM 
LOSE ONE-HALF OF BRAKING CAPACITY 

0 VALVE LEAKAGE CAN EXHAUST TWO POWER SYSTEMS 
VULNERABLE POINTS - BETWEEN SWITCHING VALVE AND FLOW 
DISPLACEMENT LIMITER : 

0 PLUGS IN DRILLED PASSAGES 
0 SINGLE EXTERNAL SEALS 
0 CRACKED HOUSING 
0 SWITCHING VALVE INTERNAL SEALS 
0 THREADED PLUGS 

CORRECTIVE ACTION 
PROVIDE BACKUP LOCK$ ON LEE PLUGS 

0 LOCKWIRE ALL EXTERNAL PLUGS AND CAPS 
0 PROVIDE INLET CHECK VALVES ON SUPPLY LINES 
0 REDUCE DIAMETRAL CLEARANCE ON SWITCHING VALVE SLEEVE 
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BRAKE VALVE 

FI 

. DISPLACEMENT FLOW LIMITER -3-J k . L T E R  

BRAKES BRAKES 

s-awamss 
I 
I 

%SS*@ 

BRAKE/SKIC CONTROL SWITCHING VALVE 

L / I 

TO BRAKE CUdTROl VALVE--/ FAILED SEAL IS UNDETrCTED 

121 
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SERVOCONTROL 
SYSTEMS ASSESSMENT 

~ ~ c o o * r w ~ ~ m u ~ u ~  
L s  

SERVO ACTUATOR SINGLE FAILURE 
CRITICALITY CATEGORY I, IU FAILURE MODES 

0 JAMMED SPOOLS 

0 LOSS OF MECHANICAL FEEDBACK BIAS SPRING 

0 FAILURE OF INTERNAL STATlClDYNAMlC SEALS 

0 FAILURE OF EXTERNAL STATlClDYNAMlC SEALS 

0 ACTUATOR PISTON ROD PACKING GLANDS 

HYDRAULIC MOTOR BRAKE FAILURE 

-0 ACTUATOR FRACTURE CONTROL PLAN I 0 
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MCOONNELL OOUGLAS + e 

JAMMED POWER VALVElSWlTCHING 

SYSTEM 
~ 

POWER VALVE: SRB-TVC, SSME-TVC,ELEVONS, R/SB, BODY FLAP(T0TAL SFP 23) 
SWITCHING VALVE AND LOCK VALVE SRB-TVC (TOTAL SFP 8) 

CAUSE 
0 EXCESSIVE CONTAMINATION EXCEEDING SHEARING CAPABILITY OF 

SPOOL. 

RESULT 
0 SINGLE FAILURE POINT 
0 CRITICALITY “I” FAILURE MODE (IU FOR SWITCHING VALVE AND LOCK VALVE) 
0 LOSS OF CONTROL OF ACTUATORNEHICLE 

RECOMMENDATION 
RECOMMENDED SOLUTION - INSTALL PROTECTIVE SCREENS AT ALL 
ACTUATOR/HY DRAULIC CONTROL MODULE INLET PORTS 

PROTECTIVE SCREENS ARE INSTALLED ON DC-10 HYDRAULIC 
ACTUATOR S/M ODU L ES 

ALTERNATE SOLUTION - USE JAM PROOF VALVES 

REMOVE LARGE PARTICLES THAT CAN ENTER A SYSTEM AND JAM VALVES 

0 HIGH VIBRATION ENVIRONMENT CAN PUT PARTICLES THAT WERE 
BUILT INTO SYSTEM AND NEVER FLUSHED OUT INTO CIRCULATION 

0 PARTICLES MAY ENTER SYSTEM WHEN COMPONENTS ARE OVERHAULED 

0 BY DIRECT INTRODUCTION WHEN LINES ARE OPENED FOR MAINTENANCE 

0 AS A RESULT OF THE FAILURE OF A COMPONENT 
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LOSS OF ACTUATOR POSITION MECHANICAL ~~~& 

FEEDBACK BIAS SPRING 
SYSTEM 

0 SRB-TVC (TOTAL SFP 8 )  
SSME-TVC (TOTAL SFP 12) 

CAUSE 
0 LOSS OF BIAS SPRING 
0 BROKEN BIAS SPRING 

RESULT 
0 SINGLE FAILURE POINT 
0 CRITICALITY "I" FAILURE MODE 
0 LOSS OF CONTROL OF TWO SERVO VALVES 
0 SERVO VALVE FORCE FIGHT OCCURS 
0 LOSS OF CONTROL OF ACTUATORNEHICLE 

RECOMMENDATION 
0 PROVIDE POSITIVE CAGING OF BIAS SPRING 
0 NASA INDICATES REDESIGN IS TAKING PLACE 

-urn&& pow 8 -% .QIL 
ACTUATOR POSITION MECHANICAL FEEDBACK 

BIAS SPRING INSTALLATION 
h 
- -e- 

. 

scnw AA 
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MCDONNELL DOUGLAS @ 

FAILURE OF 
INTERNAL STATWDYNAMIC SEALS 

SYSTEM 
SRB-NC ACTUATOR PISTON HEAD SEAL (TOTAL SFP 4) 

CAUSE 
0 DAMAGED SEAL DURING INSTALLATION 
0 DEFECTIVE SEAL 
0 DEFECTIVE SEAL GROOVE 

RESULT OF SEAL FAILURE 
0 EXCESSIVE INTERNAL HYDRAULIC LEAKAGE PATH 
0 SINGLE FAILURE POINT 
0 CRITICALITY "I" FAILURE MODE 
0 LOSS OF CONTROL OF ACTUATORNEHICLE 
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HYDRAULIC FLUID %ss** 
INTERNAL LEAKAGE LIMITS 

SOLID ROCKET BOOSTER 
0 MAXIMUM ALLOWABLE INTERNAL HYDRAULIC LEAKAGE 20.0 GPM 

(ESTABLISHED BY EXCESS HYDRAZINE ON-BOARD) 

ORBITER 
0 MAXIMUM ALLOWABLE INTERNAL HYDRAULIC LEAKAGE 0.1 GPM 

(ESTABLISHED-BY THE ORBITER CONFIGURATION 
CONTROL BOARD 12-3-76) 

%s*@ SRB-TVC ACTUATOR PISTON 

DlAMElRlCM CLEARANCE = Om7 INCH 
DIAMETER=7306 INCH 
LAND LENGTH= 0.4 INCH MINIMUM 

TOTAL NUMBER OF SINGLE FAILURE POINTS: 4 
FAILED SEAL LEAKAGE RATE GREATER THAN 35 GPM - NOT ACCEPTABLE 0 
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N C D O Y N I U  OOWLU s- 
MSFC ANNULUS FLOW TESTS 

TEMP 1 W F  

25 

20 

15 
FLOW (GPM) 

10 

5 

0 

DIAMETRICAL CLEARANCE 0.005 IN. 
DIAMETER 1.74 IN. 
LAND LENGTH 0.140 IN. 

I I 

OIUFICE FLOW EQUATION 

ANNULUS FLOW TEST 

. / / / / / / / / / / / / / / / / / I  

PRIMARY SEAL 

O-RING, BUNA N RUBBER WITH TEFLON CAP SEAL 

FIX: PROVIDE A BARRIER SEAL 
METALLIC RING - INNER RING 17-4 PH STAINLESS-STEEL 

OUTER RING ALUMINUM BRONZE 
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FAILURE OF EXTERNAL STATlClDYNAMlC 

? SEALS 
SYSTEM 

SSME-TVC FILTER INDICATOR, SERVO VALVES 
0 ELEVONS FILTER INDICATOR, SERVO VALVES 
0 RlSB FILTER INDICATOR, SERVO VALVES, SWITCHING VALVE 

MANIFOLD UNIONS 
0 SRB-TVC SWITCHING VALVE, TRANSIENT LOAD RELIEF VALVE 

CAUSE - 
0 SEAL DAMAGED DURING INSTALLATION 
0 DEFECTIVE SEAL 
0 DEFECTIVE SEAL GROOVE 

RESULT OF SEAL FAILURE 

0 EXCESSIVE EXTERNAL LEAKAGE PATH 
0 SINGLE FAILURE POINT 
0 LOSS OF HYDRAULIC FLUID FROM MORE THAN ONE SYSTEM 
0 CRITICALITY CATEGORY I, IU FAILURE MODES 
0 LOSS OF CONTROL OF ACTUATORNEHICLE 

..CDOYYILL OOUQUI  %- 
HYDRAULIC FLUID EXTERNAL LEAKAGE 

LIMITS 
f' 

SOLID ROCKET BOOSTER 

MAXIMUM ALLOWABLE LOSS OF FLUID IS EQUIVALENT TO THE VOLUME 
OF FLUID IN TWO RESERVOIRS THAT COULD BE LOST DURING VEHICLE 
ASCENT 

MAXIMUM EXTERNAL LEAKAGE 2.0 GPM 

ORBITER 

MAXIMUM ALLOWABLE LOSS OF FLUID IS EQUIVALENT TO THE VOLUME 
OF FLWD IN ONE RESERVOIR THAT COULD BE LOST DURING VEHICLE 
ENTRY 

e MAXIMUM EXTERNAL LEAKAGE 0.1 GPM 
0 

(ESTABLISHED BY THE ORBITER CONFIGURATION CONTROL BOARD 
12-3-76) 
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EXTERNAL STATWDYNAM IC 

SEAL LEAKAGE RATES 

COMPONENT A P(PSI) LEAKAGE RATES (GPM) 

SRB-TVC TRANSIENT LOAD RELIEF VALVE 
SEALNO. 1 2Ooo 3.1 OPEN * 

0 SRB-TVC SWITCHING VALVE 
SEALS NO. 2 AND 3 (CRIT CAT. IU) 3Ooo 23 NOT ACCEPTABLE 

W E - T V C .  R/SB, ELEVON SERVO VALVE FACE 
SEALS (PRESSURE RELIEF) 3000 <o.i OPEN* 

0 M E - N C  R/SB, ELEVON FILTER INDICATOR 3000 <0.1 OPEN* 

0 R/SB SWITCHING VALVE MANIFOLD UNION SEALS 3000 OVERSTRESS BOLTS, 
OPEN UPMOUNTING 
FACE, LOSE THREE 
HYDRAULIC 
SYSTEMS 

*CORRECTIVE ACTION BEING TAKEN PER NASA 

--- s 
SRB TRANSIENT LOAD RELIEF VALVE 

I 

6 m  2 7 3 4 8 5 9  

Cl c2 Cl c2 
* 
FAILED EXTERNAL SEAL NO. 1 LEAKAGE RATE: 3.1 GPM NOT ACCEPTABLE 

TOTAL SINGLE FAILURE POINTS 4 

FIX: PROVIDE A BARRIER SEAL. NASA INDICATES CORRECTIVE ACTION 
WILL BE TAKEN TO REDUCE LEAKAGE TO 0.1 GPM 

1 2 9  



5 6 7 8  9 

VALVE IN PRIMARY HyocuuLK SUPPLY I" 

VALVE IN STANDBY HYDRAULIC SUPPLY POsmON 

FAILED EXTERNAL SEAL POTENTIAL LEAKAGE RATE 
SEALS NO. 2 AND 3 - 23 GPM MOT ACCEPTABLE 
CRITICALITY CATEGORY IU FAILURE MODE 

-a=&& - s- 
SWITCHING VALVE 

RECOMMENDED ALTERNATE DESIGNS 

P2 P1 P1 R1 R l  R2 R1 P1 

SEALS: 

FIX: 

GREENE, TWEED '7" SEAL, BUNA N RUBBER WITH TEFLON 
BACKUP RINGS 

1. PROVIDE DUAL '7" SEALS AT SINGLE FAILURE POINT LOCATIONS 
WITH VENT THROUGH AN ORIFICE BACK TO RETURN TO PROVIDE 
A CONTROLLED LEAKAGE FLOW 

2. PROVIDE CHECK VALVE IN EACH SUPPLY LINE TO PREVENT BACK 
FLOW OF HYDRAULIC FLUID . 
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&he SERVO VALVE FACE SEAL LOAD RELIEF 

SURFACE TO BE 
RELIEVED 

4.005 - 
-0.000 MOOG DRAWING A24055 

SERVO VALVE 

DIFFERENTIAL PRESSURE %s& 
FILTER INDICATOR BARRIER SEAL 

CLAMPING FLANGE 
174 PH CRES 

DIFFERENTIAL PRESSURE 
FILTER IN 01 CAT0 R 
BODY - AL 2024-T3 

DIFFERENTIAL 
PRESSURE 

FILTER INDICATOR 
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FAILURE OF RlSB SWITCHING VALVE 

12.55 IN? 
3000 PSI 

3/8 DlA (2) 
18,825 LB/BOLT 

7594 LB 
~ -0.6 

- -  

MANIFOLD UNION SEALS 

MANIFOLD FACE AREA 
OPERATING FLUID PRESSURE 
MANIFOLD FACE BOLT SIZE AND QUANTIV 
OPERATING LOAD PER BOLT 
BOLT YIELD AllOWABLE LOAD AT 275OF 
MARGIN OF SAFETY - 

ASSUME PRESSURE 
IS ACTING ON 

TOTAL MANIFOLD 
FACE AREA 

50.2 IN? 
3000 PSI 

3/11 DIA (8) 
18,825 LBIBOLT 

1594 LB 
-0.6 

ASSUME PRESSURE 
IS ACTING ON 

1/4 MANIFOLD FACE 
AREA 

12.55 IN.* 
3000 PSI 

318 DlA (4) 
9413 LB/BOLT 

7594 LB 
-0.19 

RECOMMENDATIONS 
0 SEAL FAILURE TEST SHOULD BE CONDUCTED TO VERIFY DESIGN. 

PROVIDE WAD REUEF To PREVENT FORCE BUILDUP BETWEEN 
MANIFOLDS THAT COULD CAUSE BOLT FAILURE AND LOSS OF THREE 
HYORAUUC SYSTEMS. 

W U o O . L I u I  8 -% 
ZZP 
%**e 

s 
RlSB SWITCHING VALVE MANIFOLD AND 

UNIONS 

PRIMARY SUPPLY 

STANDBY SUPPLY NO. 1 

STANDBY SUPPLY NO. 2 

L UNION - MOOG DWG A23797 

0 

. I  

8 I 

1 3 2  I 
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SUMMARY %ss+c+ 

a W c ~ N I U  D O V Q U I  s- cl & 
FAILURE OF EXTERNAL STATICIDYNAMIC 

SEALS 

SRB- SSME 
N C  N C  ELEVONS RlSB - -  - COMPONENT 

- - - TRANSIENT LOAD RELIEF VALVE SEAL NO. 1 8 
* * * FILTER DIFFERENTIAL PRESSURE INDICATOR - 

SERVO VALVES A * 8 * 
UNIONS (MOOG DWG A23797) C C C 4 16) 
SWITCHING VALVE (CRIT HI) SEALS NO. 2 AND 3 r, (8) C C C 

* CORRECTIVE ACTION TAKING PLACE 
H 

C CORRECTIVE ACTION TAKEN 
A ACCEPTABLE - 

CORRECTIVE ACTION NEEDS TO BE TAKEN 

COMPONENT NOT USED IN DESIGN 



ACTUATOR PISTON ROD PACKING G L A N D ~ ~ ~ ~ S S * ~  

0 

0 

0 

0 

0 

NO POSITIVE RESTRAINT OF PISTON ROD PACKING GLANDS 

(TOTAL S W E  SFP 12, ELEVON SFP 8, SRB SFP 8) 
IN SSME-TVC, ELEVONS AND SRB-TVC ACTUATORS. 

PACKING GLANDS ARE RETAINED ONLY BY SHRINK FIT. 

PACKING GLANDS COULD UNSEAT AND A MASSIVE EXTERNAL 
LEAK OF ALL HYDRAULIC SYSTEMS OCCUR. 

DAC USES POSITIVE LOCKING OF PACKING GLANDS 

CORRECTIVE ACTION - PROVIDE POSITIVE LOCKING OF 
PACKING GLANDS. 
n/ 

7 YcoOmmR.. O W O L U  ;Lp- 

ELEVON ACTUATOR 
CROSSSECTIONAL VIEW 

PISTON ROD BEARINGWPACKING 
/LANDS 

0 

CYLINDER-J 
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HYDRAULIC MOTOR BRAKE FAILS IN 
POSITION 

SYSTEM 
0 RUDDER 
0 SPEEDBRAKE 
0 BODYFLAP 

CAUSE 
0 UNDETECTED HYDRAULIC BRAKE SPRING FAILURE 

UNDETECTED HYDRAULIC BRAKE PRESSURE PLATE FAILURE 
0 UNDETECTED HYDRAULIC BRAKE PISTON JAMMED 

- 
0 FOLLOWED BY ONE HYDRAULIC SYSTEM FAILURE 

0 THE REMAINING HYDRAULIC MOTORS WILL CAUSE THE FAILED 
MOTOR TO RUN IN REVERSE. 

0 THE UNIT IS UNABLE TO POSlTlONlDRlVE THE CONTROL SURFACE 
0 THE SURFACE MAY BLOW BACK FROM ITS LAST COM- 

MANDED POSITION. 

RESULT 

0 CRITICALITY CATEGORY IU 

COR R ECTl V E ACT1 0 N 

INSTALL REDUNDANT BRAKING DEVICE 

6&& 
HYDRAULIC MOTOR BRAKE ASSEMBLY 
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ACTUATOR FRACTURE CONTROL PLAN 

0 FRACTURE CONTROL CRITERIA ENSURE THAT AN INITIAL FLAW OR CRACK 
WILL NOT GROW EXCESSIVELY AND CAUSE A FAST FRACTURE OF PART 
DURING THE MISSION TIME PERIOD 

0 FRACTURE CONTROL CRITERIA HAS BEEN APPLIED TO WING STRUCTURE AND TO 
ELEVON ACTUATOR ATTACH FITTINGS 

0 FRACTURE CONTROL ANALYSES OF ACTUATORS HAS BEEN DEFERRED 

0 ACTUATOR SPECIFICATIONS SHOULD REQUIRE FRACTURE CONTROL CRITERIA 
PER RI FRACTURE CONTROL PLAN SD73-SH-0082A SINCE ACTUATORS ARE 
FLIGHT CRITICAL ITEMS. 

0 ANALYSES SHOULD BE ACCOMPLISHED AS SOON AS POSSIBLE TO MINIMIZE 
IMPACT OF TESTING AND CHANGES TO SHUTTLE PROGRAM 

1 3 6  

e 
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%&St?..* SUMMARY OF CORRECTED SINGLE FAILURE 
POINT ITEMS 

THE FOLLOWING SINGLE FAILURE POINT ITEMS HAVE BEEN OR ARE BEING 
CORRECTED 

0 SRB-TVC 
1. CAGING OF ACTUATOR POSITION MECHANICAL FEEDBACK BIAS 

SPRING 
2. TRANSIENT LOAD RELIEF VALVE EXTERNAL SEAL 

SSME-TVC 
1. CAGING OF ACTUATOR POSITION MECHANICAL FEEDBACK BIAS 

SPRING 
2. SERVO VALVE FACE SEAL LOAD RELIEF 
3. FILTER DIFFERENTIAL PRESSURE INDICATOR SEAL BARRIER 

1. SERVO VALVE FACE SEAL LOAD RELIEF 
2. FILTER DIFFERENTIAL PRESSURE INDICATOR SEAL BARRIER 

1. SERVO VALVE FACE SEAL LOAD RELIEF 
2. FILTER DIFFERENTIAL PRESSURE INDICATOR SEAL BARRIER 

0 RUOOERlSPEEDBRAKE 

0 ELEVONS 

s'~P~ & Y C ~ N R U ~ L  G- 
SUMMARY OF OPEN SINGLE FAILURE 9 15Ess*e POINT ITEMS 

THE FOLLOWING MODULES DO NOT FULLY COMPLY WITH THE FORTRESS CON- 
CEPT. A FEW SINGLE FAILURE POINTS CRITICALITY CATEGORY I AREAS STILL 
EXIST 

SRB-TVC 
1. ACTUATOR PISTON HEAD SEAL FAILURE 
2. SWITCHING VALVE CRITICALITY IU SEAL FAILURE 
3. LOSS OF PISTON ROD PACKINGGLAND 
4. EXPEDITE FRACTURE CONTROL ANALYSIS 

.. 

0 RUDDER/SPEEDBRAKE 

1. SWITCHING VALVE MANIFOLD UNION SEAL FAILURE 
2. HYDRAULIC MOTOR BRAKE FAILURE 

0 ELEVON 
1. LOSS OF PISTON ROD PACKING GLAND 
2. EXPEDITE FRACTURE CONTROL ANALYSIS 

W E - T V C  
1 LOSS OF PISTON ROD PACKING GLAND 
2 EXPEDITE FRACTURE CONTROL ANALYSIS 

1 ti) DRAULIC MOTOR BRAKE FAILURE 
0 A L L  HI ORAULIC MODULE PACKAGES 

1 INSTALL INLET SCREENS 

0 6cy)YFlAf' 

i '  

~ 
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HYDRAULIC SYSTEM 
ARCHITECTURE 

ASSESSMENT 

. 0 
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SOLID ROCKET BOOSTER 
TVC ACTUATION 

ARCHITECTURE ASSESSMENT 

LICoo11r)VIu O W O U I  s- 
SRB N C  ASSESSMENT 

HORSEPOWER REQUIREMENTS 

NORMAL REQUIRED GIMBAL RATE 5 DEGREESlSECOND 
0 SUFFICIENT HORSEPOWER AVAILABLE WITH 
- PRESENT ACTUATOR SIZING - EXISTING PRESSURE DROP THROUGH ACTUATOR - TWO APU-DRIVEN HYDRAULIC POWER SYSTEMS 

STANDBY REQUIRED GIMBAL RATE 3 DEGREES /SECOND 
0 SUFFICIENT HORSEPOWER AVAILABLE WITH 

- APU OVERSPEED 113 PERCENT - NORMAL PUMP VOLUMETRIC EFFICIENCY - SYSTEM LEAKAGE NOT EXCESSIVE 

ELIMINATE APU OVERSPEED OPERATION . 0 PROVIDING STABLE CONTROL ACHIEVED WITH REDUCED GIMBAL RATE 
- SIMPLIFIES SYSTEM 

I 
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I W C ~ U ~ U  OouaLU b & s- 

%E,&& 
SRB TVC ASSESSMENT SUMMARY 

SRB/TVC ACTUATOR SYSTEM ARCHITECTURE CONSISTING OF 

0 TWO REDUNDANT HYDRAULIC SYSTEMS 

SINGLE TYPE SERVO ACTUATOR PACKAGES INCORPORATING SWITCHING 
VALVES 

ACCEPTABLE PROVIDING - 
0 REVISIONS IDENTIFIED BY THIS ASSESSMENT TEAM ARE INCORPORATED 

0 ON-PAD PRELAUNCH TESVS ARE USED TO DISCLOSE ABNORMAL 
LEAKAGE AND PUMP OUTPUT 

ORBITER 
HYDRAULIC SYSTEM ARCHITECTURE 

ASSESSMENT 

. 0 



AREAS OF STUDY 

HYDRAULIC POWER 
SUPPLY 
DISTRIBUTION 
HORSEPOWER 

ACTU AT1 ON 
SSME TVC 
ME CONTROLS 
BODY FLAP (VALVES AND MOTORS) 
RUDDER/SPEED BRAKE (POWER DRIVE UNIT) 
ELEVON 

t’ 

SUPPLY 
0 THREE REDUNDANT HYDRAULIC SYSTEMS 
0 ONE HYDRAULIC PUMPBYSTEM 
0 EACH DRIVEN BY IDENTICAL APU SUBSYSTEMS 

REDUNDANCY EVALUATION 
0 PREFER TWO PUMPS/SYSTEM - NOT COMPATIBLE 

WITH LOADING 

0 PREFER DIFFERENT TYPES OF DRIVING SUBSYSTEMS 
- NOT REASONABLY AllAINABLE 

RECOMMENDATION 
0 EXISTING ARCHITECTURE ACCEPTABLE FOR 

OPERATION SPACE SHUTTLE ORBITER 
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Y t D o l y N R U  O O U O U I  s- 
ORBITER ASSESSMENT 

HYDRAULIC POWER 
DISTRIBUTION 

0 PRIMARY FLIGHT CONTROLS 

0 MECONTROLS 
0 B/F ACTUATION 
0 R/SB ACTUATION 
0 ELEVON ACTUATION 

0 UNDING GEAR ACTUATION 
e BRAKES 
0 NOSE WHEEL STEERING 
0 ET UMBILICAL RETRACTION 

0 FLIGHT CONTROLS DICTATE BASIC ARCHITECTURE 
0 THREE REDUNDANT HYDRAULIC SYSTEMS 

H E - T V C  ACTUATION 

0 UTILITY SYSTEM 

I R EQU I R EM ENTS I COMMERCIAL I ORBITER I 
I 0 POSITIVE STANDBY POWER I YES I NO I 
I 0 INDEPENDENT SYSTEMS I YES I NO I 

, 

1 NO 0 SINGLE SYSTEM OPERATION YES 

&GE G I L x  I 

HYDRAULIC POWER i 

ycDolyN=u OOUQUI * 

ORBITEF; ASSESSMENT I 
I 

DISTRIBUTION (CONTINUED) 

0 NUMEROUS SINGLE FAILURE POINTS DOWNSTREAM 
OF SWITCHING VALVES CAN RESULT IN LOSS OF ORBITER 

0 SEALS 
0 FRACTURED HOUSINGS 
0 BOLT FAILURES 

0 FLIGHT-CONTROL ACTUATOR PACKAGES 
0 INCORPORATE SWITCHING VALVES 
0 AUTOMATICALLY SELECT ONE SYSTEM . AFTER ANOTHER WHEN FAILURE OCCURS 

0 RECOMMENDATION 
0 ELIMINATE SINGLE FAILURE POINTS 

0 
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LICo01*NIU oouauI LCx 
ORBITER ASSESSMENT 

HORSEPOWER 

REQUIREMENT 

SAFE FLIGHT WITH ANY ONE SYSTEM OPERATIVE 

DEFICIENCY 
ASCENT PHASE OF FLIGHT 

TWO SYSTEMS REQUIRED 
DURATION 13.44 MINUTES - 

0 APPROACH AND LANDING 
TWO SYSTEMS REQUIRED 

RECOMMENDATION 
IMPROVE DESIGN OF FLIGHT CONTROL ACTUATORS 

WDOlllvILL OouOLU 

ORBITER ASSESSMENT 

LCx 
SPACE SHUTTLE MAIN ENGINE THRUST 

VECTOR CONTROL ACTUATION 
t' 

0 SINGLE TYPE ACTUATOR PACKAGES 
SWITCHING VALVES 
ONLY TWO SYSTEMS SUPPLY EACH ACTUATOR PACKAGE 

0 OPERATE FOR 13.44 MINUTES AFTER LAUNCH 

ANALYSIS BASED ON DC-10 ACTUATOR RELIABILITY RECORDS INDICATE 
ORBITER SSME TVC ACTUATOR PACKAGE EXISTING DESIGN IS 
MARGINALLY ACCEPTABLE 

RECOMMENDATION 

IMPLEMENT "FORTRESS' PROGRAM 
0 FRACTURE CONTROL PLAN 
0 OPTIMUM DESIGN 

SUPERIOR QUALITY CONTROL 

I 
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DIFFERENT HYDRAULIC SYSTEM TO EACH ENGINE 

MAIN ENGINE HYDRAULIC SYSTEM ISOLATION VALVES 
EXISTING ARCHITECTURE ACCEPTABLE FOR OPERATIONAL 
SPACE SHUTTLE ORBITER 

j 
t 
I 
i 
! 
I 

@ : ;  
W C ~ m ~ L L  O o u O L U  

I 

, 
! I 

s 
I 

ORBITER ASSESSMENT . i  

BODY FLAP HYDRAULIC ACTUATION 

HYDRAULIC SYSTEMS COMPLETELY SEPARATED 
NO SINGLE FAILURE CAN CAUSE LOSS OF MORE 
THAN ONE HYDRAULIC SYSTEM 

HYDRAULIC BRAKE FAILURE OR VALVE JAM ONLY SFP 

BODY FLAP ARCHITECTURE IS ACCEPTABLE FOR 
OPERATIONAL SPACE SHUTTLE ORBITER 

DETAIL DESIGN PROBLEMS 
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LICDQNNILL OOUOLU s- 
ORBITER ASSESSMENT 

RUDDER/SPEED BRAKE 
HYDRAULIC ACTUATION 

EXISTING DESIGN 
SINGLE FAILURE DOWNSTREAM OF SWITCHING VALVES CAN CAUSE LOSS 
OF ORBITER 
SWITCHING VALVES AUTOMATICALLY SELECT 
ONE SYSTEM’AFTER ANOTHER FOR FOUR-CHANNEL SERVOS 

EACH CHANNEL INCORPORATES THREE CRITICAL COMPONENTS 
24 CRITICAL COMPONENTS TOTAL IN R/SB SYSTEM 

SEAL FAILURES 
FRACTURED HOUSINGS 
OVERTORQUED, UNDERTORQUED OR FAILED BOLTS 

USING DESIGN 
P3 R3 P2 R2 P1 R 1  ---- 

SWITCHING VALVES 
WITH POSITION INDICATORS 

4CHANNEL 

--- 

BYPASS VALVE RUDDER SPEED BRAKE 
SUMMER SUMMER 

TO SURFACE ACTUATORS CIRCUITRY - 
TO PWR VALVES 

RUDDER - 
POWER VALVES 

HYDRAULIC 
MOTORS 

HYDRAULIC BRAKES 
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RUDDER/SPEED BRAKE ACTUATION 

ROCKWELL PROPOSED DESIGN 

ADDED TWO LINKED SHUTOFF VALVES WITH POSITION INDICATORS 
ELIMINATED SFP'S IN R/SB HYDRAULIC PDU 4-CHANNEL SERVOS 

ADDED TWO FOUR-CHANNEL SERVOS 
AVIONIC IMPACT 

ADDED WIRING TO PDU 
MODIFIED ASA HARDWARE 

INCREASED QUIESCENT HYDRAULIC FLOW 
0 INCREASED SIZE AND WEIGHT OF PDU 
0 INCREASED COST OF PDU 

r y c - u m u  OovOuI L X  
RUDDER/SPEED BRAKE 

ROCKWELL TANDEM OPTION 

P1 R 1  P2 R2 P3 93 

SWITCHING VALVE 
WITH POSITION INDICA1 

INDICATOR 

TO SPEED BRAKE 
&CHANNEL SERVO 

*CHANNEL 

HYDRAULIC 

HYDRAULIC BRAKES - 
RUDDER SPEED BRAKE 
SUMMER SUMMER 

MIXER 

'-' TO SURFACE ACTUATORS 
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ORBITER ASSESSMENT %&%* 

RUDDER/SPEED BRAKE ACTUATION 

MDC PROPOSED DESIGN 
0 ELIMINATES ALL SFP'S IN R/SB HYDRAULIC PDU 4 CHANNEL SERVOS 

24 COMPONENTS NO LONGER CRITICALITY CATEGORY I HAZARD 
ITEMS 

ELIMINATES TWO EXtSTlNG LARGE SWITCHING VALVES 
0 REROUTES SYSTEMS WITHIN ACTUATOR PACKAGE 

SUPPLIES SEPARATE POWER TO EACH CHANNEL 
OF EXISTING FOUR-CHANNEL SERVOS 
ADDS SMALL (0.5-GPM) SWITCHING VALVE 
PRESSURE DIFFERENCES AMONG SYSTEMS IS SMALL 
EXISTING ELECTRONIC CIRCUITRY IS TOLERANT OF DIFFERENCES 

NO CHANGE IN ELECTRONIC CIRCUITRY 
NO CHANGE IN ASA HARDWARE 

. NO CHANGE IN AVIONICS 

SCHEDULE IMPACT 15 MONTHS 

RESULTS IN SMALLER PDU PACKAGE 

REDUCES ORBITER TOTAL WEIGHT ABOUT 20 POUNDS 
COST ESTIMATE (ROM) S2M FOR 4 SHIP SETS AND FCHL 

RUDDER 
POWER VALVES 

HYDRAULIC 
MOTORS 

. .  
RUDDERAPEED BRAKE 

MDCPROPOSEDDESGN 
D 

HYDRAULIC SYSTEMS 
P3 R3 P2 R2 P l  R 1  

SVPASS v. CIRCUITS 

. BYPASS AT DfSI 
AN0 WHEN ENERGIZED HYDRAULIC BRAKES 
SHOWN AT 0 PSI IN BYPASS 
1YD DE-ENERGIZED 

. 
E 
C 

SURFACE ACTUATORS 
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RECOMMEND GEAR RATIO REVISION 

0 PROVIDE REQUIRED DESIGN HINGE MOMENT ONLY 
0 REDUCES STRUCTURAL LOAD REQUIREMENTS 
0 REDUCES FLOW REQUIREMENTS 

0 RESULTS IN INCREASED AVAILABLE SURFACE 
RATE WHICH NOW IS - 

0 MARGINAL FOR COMBINED FLIGHT CONTROL 
ACTUATION DURING APPROACH AND LANDING 

0 CRITICAL FOR SINGLE HYDRAULIC SYSTEM 
OPERATION 

LycooyuIu c.wI- s 
ORBITER ASSESSMENT 

ELEVON ACTUATION 

EXISTING DESIGN 
0 SINGLE FAILURE POINTS TOO NUMEROUS 

4 SINGLE TYPE SERVO ACTUATORS 

FOUR DYNAMIC FEEDBACK SENSORS 
TWO MANIFOLDS 
ACTUATOR 

AUTOMATICALLY SELECTS ONE SYSTEM AFTER ANOTHER 
LIMITS REDUNDANCY AND RELIABILITY ACHIEVABLE 

PRESSURE VESSEL 
STRUCTURAL MEMBER 

FOUR-CHANNEL SERVO - 12 CRITICAL COMPONENTS 

I 

EACH ACTUATOR INCORPORATES TWO SWITCHING VALVES 

CRITICALITY CATEGORY I HAZARD ITEM 
I 

I 

MARGINAL FLOW AVAILABLE FOR NORMAL THREE-SYSTEM 
OPERATION 

0 SIZED TO DELIVER 100 PERCENT DESIGN HM 

0 DIFFERENT HYDRAULIC SYSTEMS SUPPLY EACH ACTUATOR 
DISTRIBUTES HORSEPOWER REQUIREMENTS 
INCREASES FLOW REQUIREMENTS 

FLOW DEFICIENT FOR SINGLE SYSTEM OPERATION FOR LANDING ~ 
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TYPICAL 
CHANNEL 

POS F/E TRANS 

BYPASS VALVE 

SINGLE ACTUATOR 
100 PERCENT HM 

a SINGLE LOAD PATH ELECTRONIC 'L 'R 
CIRCUITRY - 

TO PWR VALVES 

y c o o 1 M 1 L L  

OBITER ASSESSMENT 

ELEVON ACTUATION 

EXISTING SYSTEM VULNERABLE TO FAILURE IN 10-YEAR OPERATIONAL LIFE 

0 ANALYSIS BASED ON COMMERCIAL AIRCRAFT SERVICE RECORDS 

AVERAGE IN-FLIGHT TIME ABOUT SAME AS ORBITER 

NO ON-ORBIT TIME FOR COMMERCIAL AIRCRAFT 

0 ANALYSIS INDICATES LOW PROBABILITY OF ACHIEVING "NO FAILURES" 

RECOMMENDATION 
0 INSTALL TANDEM ACTUATORS INCORPORATING 

0 "FORTRESS" PROGRAM 

0 FRACTURE CONTROL PLAN OR DUAL LOAD PATH 
RIP STOP CONSTRUCTION 

0 OPTIMUM DESIGN 

0 SUPERIOR QUALITY CONTROL 
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3 ycDo(YNILL OOUOLU s 
ORBITER ASSESSMENT 

ELEVON ACTUATION 

ROCKWELL PROPOSED TANDEM ACTUATOR DESIGN 

ELIMINATES ALL SFP'S AS A PRESSURE VESSEL IN ACTUATOR PACKAGES 
EACH HALF OF ACTUATOR PRODUCES 100 PERCENT DESIGN HINGE 
MOMENT 
ADDED TWO LINKED SHUTOFF AND BYPASS VALVES 
ADDED FOUR-CHANNEL SERVO FOR EACH ELEVON PACKAGE 

ADDITIONAL ELECTRONIC CIRCUITRY 
MODIFIES ASA HARDWARE 

7.5-PERCENT INCREASE IN HYDRAULIC POWER REQUIRED 
ACTUATOR LENGTH INCREASE 

WING STRUCTURE MODIFICATIONS REQUIRED 
NEW ACTUATOR SUPPORT FITTINGS REQUIRED 

s."' ""., 
..ooo1111LL- s- 

TANDEM ELEVON ACTUATOR 
ROCKWELL PROPOSED DESIGN 

SHUTOFF AND 
BYPASS VALVE 
WITH POSITION 
INDICATOR 

POSITION FIB 
TRANSOUCER 

0 

-. . , 



GE SHb?fi 
4' 

MCDONNELL DOU=Lw< * * 
\- 

ORBITER ASSESSMENT 9 JsE&~+ 
ELEVON ACTUATION 

0 MDC PROPOSED TANDEM ACTUATOR PACKAGE 

0 ELIMINATES ALL SFP'S AS A PRESSURE VESSEL IN ACTUATOR PACKAGES 

0 76 COMPONENTS NO LONGER CRITICALITY CATEGORY I ITEMS 

0 REROUTES SYSTEMS WITHIN ACTUATOR PACKAGES 

0 SUPPLIES SEPARATE POWER TO EACH CHANNEL OF EXISTING 
FOUR-CHANNEL SERVO 

0 EACH HALF OF ACTUATOR PRODUCES APPROXIMATELY 50 PERCENT 
DESIGN HINGE MOMENT 

NORMAL OUTPUT 100-PERCENT DESIGN HINGE MOMENT WITH ANY 
TWO HYDRAULIC SYSTEMS OPERATIVE 

mcO0MM)ILL D,"GL.Gl- 
W 

TANDEM ELEVON ACTUATOR 
MDC PROPOSED DESIGN 

SHUT OFF VALVE 

TYPICAL 
CHANNEL 

BYPASS VALVE TANDEM ACTUATOR 
REVISE TO BYPASS AT 
0 PSI A N 0  WHEN ENERGIZED 
(SHOWN AT 0 PSI I N  BYPASS 

(50 PERCENT HM/HALFl 
FRACTURE CONTROL DESIGN OR DUAL LOAD 
PATH 
RIP STOP CONSTRUCTION 

ELECTRONIC p, PR 
CIRCUITRY - 

TO PWR VALVES AND DEENERGlZEDl 
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P 
ORBITER ASSESSMENT 

ELEVON ACTUATION 
I (CONT) 

0 IMPROVED SURFACE RATES FOR NORMAL OPERATION 

0 HALF OF ALL TANDEM ACTUATORS SUPPLIED BY SAME 
PRIMARY SYSTEM 

FLOW REQUIRED NOT INCREASED WHEN ROLL CONTROL SUPER- 
IMPOSED ON PITCH CONTROL 

0 NORMAL SURFACE RATES FOR SINGLE SYSTEM OPERATION 

0 SOL OPER VALVE SHUTOFF WHEN ONLY ONE HYDRAULIC SYSTEM 
IS OPERATING 

0 ONLY 50 PERCENT FLOW REQUIRED 
ON ALL ACTUATORS 

0 PRODUCES ADEQUATE HINGE MOMENT FOR LANDING 

0 q REDUCED FOR SLOWER SPEEDS 

0 LOADS REDUCED 

*+= sHc*r, 

GPwsYs %Ess*' 

*e L K ~ e u o o w u I  % 
ORBITER ASSESSMEKT 

ELEVON ACTUATION PITCH m/s 
30.1 LIE 

t 1 4 8  ROE 

ROLL W / S  
t 30.1 LIE 

EXISTING SYSTEMS ARRANGEMENT 44.9 

sYs2 I sYs3 

41 -14.8 ROE 
m1 GPM 14.8 GPM 153 

COMBINED 44.9+153=602 GPM/SYS 

I GPM /SY S 
PITCH 2OO/S 

7 2  LOE 
15.0 LIE 
15.0 RIE 

44.4 

UE RIE ROE 

MDC PROPOSED TANDEM ARRANGEMENT 7 2  ROE 

ROLL 2oo/S 
t 72 LO€ 
t 15.0 LIE 

- 72ROE 
-15.0 RIE 

0 0 LO€ LiE RIE R& COMBINED 44AtO =44.4 GPM/SYS 

25% REDUCTION IN FLOW REQUIRED 
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GC s'c/r 
WCWYYILL mouaLAm % 4? & 

t 
9@s&& ORBITER ASSESSMENT 

SURFACE RATE CAPABILITIES 
MDC PROPOSED SYSTEM VERSUS BASELINE SYSTEM 

30 

v) 

2 
E 20 
a 
K 
K 
0 c a 
2; 10 
J 
W 

s 

ONE HYD SYSTEM OPERATJON 
MDC PROPOSED SYSTEM 
PUMP FLOW LIMIT 

EL 

\- -- I" 
I 1 

I I 

10 20 
RUDDER RATE O/S 

d 

30 
' RATE 

ATION 

v) 

20 w c 
U 
K 
K 
0 + 
W 
3 10 

TWO HYD SYSTEMS OPERATION 
MDC PROPOSED SYSTEM 
PUMP FLOW LIMIT 

I I 

10 20 
RUDDER RATE O/S 

x z e  
%SS*++ 

ORBITER ASSESSMENT 

ELEVON ACTUATION 

MDC PROPOSED DESIGN (Cont'd) 

SAME PIN CENTER LENGTH 
INTERNAL TAIL ROD 

SMALLER IN DIAMETER THAN EXISTING DESIGN 

NO CHANGE IN WING STRUCTURE 
NO CHANGE IN SUPPORT FITTINGS 

NO CHANGE IN ELECTRONIC CIRCUITRY 
NO CHANGE IN ASA HARDWARE 

RETAIN FOURCHANNEL SERVO 

i 

i 

RETAIN TWO SWITCHING VALVES AND CONTROL VALVE 
ADD CONTROL VALVE AND SMALL SOLENOID OPERATED SHUTOFF 
VALVE 
WEIGHT CHANGE LESS THAN 100 LB FOR ORBITER 

COST ESTIMATE 
w WEIGHT SAVING POSSIBLE BY FUEL MANAGEMENT 

EQUIVALENT TO CHANGE FROM H/R TO MOOG 
(ROhl) S5M FOR 4 SHIP SETS AND FCHL 

SCHEDULE IMPACT 15 MONTHS 

1 5 3  
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..oooLll=u OOWLY 
( s 

TANDEM ELEVON ACTUATOR 
MDC PROPOSED DESIGN 

INTERNAL TAIL Roo 

1 
WSnNG ACTUATOR PIN CENTER LENGTH 

WEIGHT ESTIMATE (ROM) ROCKW ELL M DC 
SUBSYSTEM DELTA WEIGHT (LB) DELTA WEIGHT (LB) 

WING STRUCTURE + 200 0 
TAIL STRUCTURE (PDU SUPPORT) + 20. 0 
HYDRAULIC ACTUATORS, LINES, FLUID + 640 (1240)' +lo0 
RUDDERISPEED BRAKE PDU + 65 -20 
ELECTRICAL AND AVIONICS + 60 0 

TOTAL INERT WEIGHT CHANGE +985** +80 

'ASSUMES NO ENVELOPE CHANGE IN TAIL STRUCTURE - OTHERWISE TAIL 
STRUCTUREAWEIGHT = + TBD 

*ASSUMES NO'APU'S CHANGE CONSUMABLES WEIGHT = + TBD 

' WITH DUAL LOAD PATH ACTUATOR 
0 I 

i 
I 
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o RIP STOP CONSTRUCTION 

EXISTING MDC PROPOSED 
SINGLE TANDEM 

ACTUATOR PACKAGE ACTUATOR PACKAGE 

NO YES 

o SINGLE FAILURES DOWNSTREAM LOSE ORBITER 
LOSE 3 HYDRAULIC 
SYSTEMS. 

OF SWITCHING VALVES 
112 HINGE MOMENT AVAILABLE 
NORMAL LANDING 
(WILL NOT LOSE BOTH SYSTEMS 1 AND 3 
WITH ANY SINGLE FAILURE) 

o SINGLE HYDRAULIC FAILURE LOSE ORBITER F A I L  OPERATIONAL 
IN 4 CHANNEL SERVO LOSE 3 HYDRAULIC NORMAL LANDING 

SYSTEMS. 

o A L L  SYSTEM OPERATIVE COMBINED COMMANDED COMBINED COMMANDED 
SURFACE RATES MARGINAL, 
THEREFORE PRIORITY RATE 
LIMITING WAS USED. (NOT 
SUCCESSFUL ON A L T  101). 

SURFACE RATES AVAILABLE 
WITHOUT PRIORITY RATE LIMITING 

o FAIL  ONE SYSTEM UPSTRE_AM FAIL  OPERATIONAL 
OF SWITCHING VALVES 

F A I L  OPERATIONAL 

o F A I L  SYSTEMS 1 AND 3 UPSTREAM 
OF SWITCHING VALVES SYSTEM FLOW AND SURFACE NORMAL LANDING 

M A Y  LOSE ORBITER. SINGLE 

RATE DEFICIENT AT LANDING 

M A Y  LOSE ORBITER. SINGLE 

RATE DEFICIENT AT LANDING 

MAY LOSE ORBITER, SINGLE 

RATE DEFICIENT AT LANDING 

FAIL  OPERATIONAL 

o FAIL  SYSTEMS 1 A N D  2 UPSTREAM 
OF SWITCHING VALVES SYSTEM FLOW A N D  SURFACE NORMAL LANDING 

1/2 HINGE MOMENT AVAILABLE 

o FAIL  SYSTEMS 2 AND 3 UPSTREAM 1/2 HINGE MOMENT AVAILABLE 
OF SWITCHING VALVES SYSTEM FLOW AND SURFACE NORMAL LANDING #<EN-23163)  

,' 

FLIGHT TEST ORBITER RELIABILITY 
C' 

0 MORE RISKS INHERENT IN FLIGHT TESTING 

0 IF ADDITIONAL RISKS ARE ACCEPTABLE FOR FLIGHT TESTING 
EXISTING ORBITER MAY BE USED FOR FLIGHT TESTS 

0 MINIMIZE RISKS BY INCORPORATING 

0 "PEDIGREE" PROGRAM FOR 
SSME-TVC ACTUATOR PACKAGES 

0 RUDDER/SPEED BRAKE PDU 
0 ELEVON ACTUATOR PACKAGE 

0 LIMIT ON ORBIT TIME TO SHORTER MISSIONS 

0 INCORPORATE OPERATIONAL REVISIONS AS SOON AS POSSIBLE 

0 FLIGHT TEST PROGRAM ESTABLISHES . 
0 CONFIDENCE LEVEL FOR HYDRAULIC SYSTEMS 

0 VALIDITY OF REQUIREMENTS 

0 MAINTAIN FLEXIBILITY TO ALLOW FOR REQUIRED REVISIONS 
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INCORPORATE RECOMMENDED REVISIONS 

0 SSME TVC ACTUATOR PACKAGES 

0 FORTRESS PLAN 

0 RUDDER/SPEED BRAKE HYDRAULIC PDU 

0 MDC PROPOSAL 

0 TANDEM ELEVON ACTUATOR PACKAGES 

0 MDCPROPOSAL 

0 ELIMINATES 100 COMPONENTS FROM BEING CRITICALITY 
CATEGORY I HAZARD ITEMS 

0 INCREASES CONTROL SURFACE RATES AVAILABLE DURING 
CRITICAL APPROACH AND LANDING PHASE OF FLIGHT 

SPACE SHUTTLE 
HYDRAULIC SYSTEM ASSESSMENT 

. 
SUMMARY 

1 5 6  
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SPACE SHUTTLE 

s 
HYDRAULIC SYSTEM ASSESSMENT 

SUMMARY 
FINDINGS APPLY TO OPERATIONAL SHUlTLE 
BASELINE FOR ASSESSMENT IS OV102 CONFIGURATION 
RELIABILITY IS EQUAL TO TRANSPORT AIRCRAFT 
SFP ITEMS IDENTIFIED: 

. 

TOTAL CLOSED* OPEN 
- 

BOOSTER 234 180 64 
225 316 471 0 ORBITER - 

705 4% 289 
- 7 

CLOSED - ADD'L TESTS INDICATED O.K. 
- CORRECTIVE ACTION TAKEN 

1.0 

1.1 

12 

1.1 

1.1 

QTY OF 
NO. ITEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY -- - 

SRB COMPONENTS 

SRB RESERVOIR OVERFILLING OPEN SFC4 LAUNCH HOLD WARNING FOR 
-RELIEF VALVE CAPPEO OVERFILL, UNCAP RELIEF 

VALVE 

SRB SERVICE OISCONNECT OPEN SFC4 PROVIOE LOCK TO KEEP 
PANEL SHUTOFF VALVE FROM 

ROTATING IN  PANEL 

PIPING AND HOSE FAILURE OPEN SFC4 PERFORM PUMP RIPPLE 
FROM PUMP RIPPLE TESTS 
AN0 SURGES 

SWITC~~ING VALVE JAMMED OPEN 4 A00 INLET SCREENSTO 
- TVC REDUCE CHANCE FOR 

JAMMING 

1 5 7  

. . .  I 



SFP SUMMARY 
BOOSTER (CQNT) 

OTY OF 
EFFECTIVITY ITEM STATUS SFP'S REMARKS RESPONSE - NO. - 

1.1 mwER VALVE 
JAMMED -TVC 

1.1 LOCK VALVE JAMMED - TVC 

1.7 PISTON SEAL FAILURE 

1.8 FAILURE OF SWITCHING VALVE 
TO FUNCTION PROPERLY - TVC 

SEAL NO. 2 
SEAL NO. 3 

OPEN 4 A00 INLET SCREENS TO 
REDUCE CHANCE FOR 
JAMMING 

OPEN 

-OPEN 

OPEN 
OPEN 

4 A00 INLET SCREENSTO 
REDUCE CHANCE FOR 
JAMMING 

4 A00 BARRIER SEAL 

NOTE: THIS RESULTS IN 
A CRlT 1U CONDITION 

4 WHEN COMBINED WITH 
4 LOSS OF A HYDRAULIC 

SYSTEM. A00 CHECK 
VALVES AT INLET 

aTY OF 
NO. ITEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY 

1 .s LOSS OF TVC OPEN 8 PROVIOE POSITIVE LOCK 
ACTUATOR 
PACKING G U N 0  

1.10 TVC ACTUATOR 
STRENGTH 
MARGINS NOT 
VERIFIED 

OPEN 18 REEXAMINE OAMAGE 
TOLERANCE ANALYSIS 

1.11 SINGLE EXPLOSIVE OPEN SF C REGROUP SYSTEMS 
EVENT NEtR STA 1307 (MANY) ON STA 1307 AN0 
CAN LOSE 3 SYSTEMS PROVIOE BARRIERS 

I 8 
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MCDONNLLL DOUOLAS s- 
SFP SUMMARY 

ORBITER (CONT) 
NO. ITEM 

QTY OF 
STATUS SFPS 

2.0 

2.1 

22 

2.3 

2.4 

2.5 

ORBITER COMPONENTS 

ORBITER HYDRAULIC PUMP PRESS OPEN 
RIPPLE NOT COMPLETELY IOENTIFIEO 

ORBITER HYDRAULIC PUMP CASE OPEN 
ORAlN LINE SURGES MAY EXCEED 
PUMP CASE OR SHAFT SEAL 
STRENGTH LIMITS - 
ABRUPT LINE SIZE REDUCTION AT '7" 
FITTINGS 

OPEN 

HYDRAULIC FLU10 LEAKAGE EFFECTS OPEN 
ON TPS AN0 HYDRAZINE LINE 
INSU LATlO N 

HYDRAULIC FLUID LEAKAGE ON OPEN 
HOT APU EXHAUST 

3 

3 

MANY 

MANY 

3 

RESPONSE EFFECTIVITY REMARKS 

NEED ADDITIONAL TEST DATA 

NEED ADDITIONAL TEST DATA 

STEP DOWN LINE SIZE IN  
SMALLER INCREMENTS 

PROVIDE LEAKAGE SUMPS 
AND SEAL FAYING SURFACES 
OF FUSELAGE SKIN 

PRDVIOE CONVOLUTED 
SCREENTOPREVENTDIRECT 
IMPINGEMENT OF FLUID ON 
HOT SURFACES 

WCOO11NILL O O U O L A ~  -I s g  &i+ 
9 SFB SUMMARY '5rS& 

ORBITER (CONT) 

NO. R E M  

2.6 FREON LEAKAGE INTO 
- 

HYDRAULIC SYSTEM 

2.7 ORBITER WHEEL BRAKE HOSES 
AND PIPING BREAKAGE 

2.1 LEAKS FROM BRAKE CONTROL 
MANIFOLD BETWEEN SWITCHING 
VALVE AN0 FLOW LIMITER . 

2.9 m w E R  VALVE JAMMEO 
SSME.TVC, ELEVON, RISE, 
BODY FLAP 

QTY OF 
STATUS SFP'S REMARKS RESPONSE EFFECTIVITY , 
OPEN NUMEROUS TEST EACH HEAT , 
- 

I 

EXCHANGER 

OPEN SFC.2 RELOCATE ONE PAIR TO 
FORWARD SIDE OF 
SHOCKSTRUT 

OPEN NUMEROUS A. BACKUP LEE PLUGS 
B. A 0 0  BARRIER TO SEALS 
C. PERFORM DAMAGE 

TOLERANCE ANALYSIS 

OPEN 19 A 0 0  INLET SCREENS AN0 
JAMPROOF VALVES 
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SFP SUMMARY 

ORBITER (CONT) 

OTY OF 
NO. ITEM STATUS SFP'S REMARKS RESPONSE EFFECTIVITY 

2.10 PISTON ROO GLAND RETENTION OPEN I PROVIDE POSITIVE LOCK 

- - 
-ELEVON ACTUATORS 

2.11 RBB MANIFOLD UNION SEALS OPEN 16 RELIEVE SURFACE TO MINI. - 
MlZE SEPARATING FORCE TEST 

OTY OF 
STATUS SFP'S REMARKS -- NO. r E M  - 

2.12 

2.13 

2.14 

2.15 

2.16 

2.17 

R H  BRAKE FAILURE OFF 

RUFTURE OF HYOR PRESS. AN0 
RET LINESTO R/SB MOTOR 

BODY FLAP BRAKE FAILURE 

ACTUATORS NEE0 FRACTURE 
CONTROL ANALYSIS 

PRESSURE VESSEL FAILURES 
OOWNSTREAM OF WITCHING 
VALVE. RlSB 

ELEVON ACTUATORS - 
INADEQUATE RATE AN0 
FAILURES OOWllSTREAM 
OF SWITCHING VALVE 

OPEN 

OPEN 

OPEN 

OPEN 

OPEN 

OPEN 

6 PROVIOE REOUNOANT 
Y ,  

BRAKE MECHANISM 

12 

3 

14 

24 
( 4 4  

BOLTS) 

76 
(+312 
BOLTS) 

A 0 0  NO-BAK TO OUTPUT 
SHAFT 

PROVIDE REOUNOANT 
BRAKE MECHANISM 

IMPLEMENT AS SOON 
As POSSIBLE 

POU REOESIGN 
(PER OAC) 

RESPONSE EFFECTIVITY 

ELEVON REDESIGN 
(PER OAC) 



HCDONIVSU OovOLAS 9 * s- 
9 

SPACE SHUTTLE @SESS& 

HYDRAULIC SYSTEM ASSESSMENT 
SUMMARY (CONTINUED) 

BOOSTER ARCHtTECTURE 2 REDUNDANT SYSTEMS ACCEPTABLE 

ORBITER ARCHITECTURE 3 REDUNDANT SYSTEMS ACCEPTABLE 

POWER SUPPLY 
HORSEPOWER 

APU/PUMP ACCEPTABLE 
DEFICIENT FOR ELEVONS 
EXCESS FOR RlSB 

CONTROL SYSTEMS 

SRB TVC IMPOSE FORTRESS CONCEPT 
SSME TVC IMPOSE FORTRESS CONCEPT 
SSME FUEL CONTROL ACCEPTABLE 
BODY FLAP ACCEPTABLE 
RUDDERISPEED BRAKE 
ELEVONS INSTALL TANDEM ACTUATORS 

REPLUMB TO MlNtMlZE SFP'S 

AND REPLUMB TO MtNtMlZE 
SFP'S 

. 
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DOC. NO. 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1 e 8  

1 e 9  

1 .lo 

1.11 

1.12 

1.13 

1.14 

1.15 

1.16 

? HIST RICAL DATA FROM JSC 
DOCUWNT 

Space S h u t t l e  Main Engine H y d r a u l i c  System ( 6 r i e f i n g )  

S h u t t l e  C r i t i c a l  Seals P r e s e n t a t i o n  t o  J. Yardley,  SSV76-36, 
August 27, 1976 (Document) 

EtD Sumnary Review o f  the  Orb i  t e r  H y d r a u l i c  Sys tern, September 21 , 
1976 ( B r i e f i n g )  

H y d r a u l i c s  Systems Assessment Review, SSV76-38, September 22, 1976, 
(Document) 

SRB TVC Sytem, September 22, 1976 ( B r i e f i n g )  

SRB TVC Actuator ,  October 1976 ( B r i e f i n g )  

SRB TVC H y d r a u l i c  System Assessment, October 1976 ( B r i e f i n g )  

Space S h u t t l e  Ascent F l i g h t  Cont ro l  Requirements, November 1976, 
( B r i e f i n g )  

S h u t t l e  H y d r a u l i c s  Assessment, December 23, 1976, (Memo t o  Associate 
A d m i n i s t r a t o r  f o r  Space F l i g h t )  

S t a t u s  and Closeout  o f  Recommendations o f  Dr. W. C. W i l l i a m s ’  
H y d r a u l i c  Review, March 30, 1977 (Memo t o  Manager, Space S h u t t l e  
Program) 

Space S h u t t l e  Systems F a i l u r e 2  R e s u l t i n g  i n  SSME Shutdown, 
April 2, 1976 (Memo’to Manager, Space S h u t t l e  Program) 

SSV77- 32 (Only 
Hydraul  i c Re1 a t e d  
S e c t i  ons i n c l  uded) 

HCG2 1-006 1 A 

S D75-SH-0003 

SD75-SH-0007A (2) 

SD75-SH-001 !A (2 )  
a 

O r b i t e r  102 C r i  t i c a l  Design Review Subsystem 
B r i e f i n g s  ( P r e l i m i n a r y  D r a f t )  

Body F1 ap - S t r u c t u r e  Techni c a l  Requi rements 

H y d r a u l i c s / S h u t t l e  C r i t i c a l  I tems L i s t  - OV-102 

OV-102 O r b i t a l  F l i g h t  T e s t  C o n f i g u r a t i o n  
Fai lure  Mode E f f e c t s  Ana lys is  - Rudder/Speedbrake 
and Body F lap A c t u a t i o n  Subsystems 

OV-102 - Or4i  t a l  F l i g h t  T e s t  C o n f i g u r a t i o n  
F a i l u r e  Mode E f f e c t s  Ana lys is  - H y d r a u l i c  
Subsys tem 
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,O ADD1 TI OHAL HISTORI CAL DATA FROM JSC 
DOCUIENT 

? 

I Doc. EIO. 

2.1 SSV76-46, O r b i t e r  H y d r a u l i c  Subsystem Assessment Review, Hovenber 3, 
1976. 

2.2 

2.3 

2.4 

SSV77-7, Rudder/Speedbrake and Body F1 ap Mechanical Systems Design 
Assessment (W. D. Wilkerson h i t t e e ) ,  February 9 ,  1977 

S i n g l e  P o i n t  F a i l u r e s  Review o f  R/SB, Body F lap  and H y d r a u l i c  
Motors, March 1977.. 

SSV77-17, H y d r a u l i c  Subsystem Review (Wi l l i ams ,  Yard ley,  & Ma lk in ) ,  
April 1, 1977 

2.5 B r i e f i n g s  on Se lec ted  - S i n g l e  P o i n t  F a i l u r e s :  

2.5.1 Landing Gear Ac tua tors  February 15, 1977 
2.5.2 Broken Sha f t s  (R/SB 8 BF) March 11 , 1977 
2.5.3 J a m d  Gear Boxes A p r i l  14, 1977 
2.5.4 C1 ogged F i  1 te rs  A p r i l  14, 1977 
2.5.5 Jammed Spools April 14, 1977 



? 3.0 - SShSA - 
I- -.- 

Docum!: t 

F l i g h t  Control Review 10/5/76 
S E i  TVC Actuator System Model 19 J u l  76 

_---- 
-- 

---- - 

- .  
Requirements Table 5/12/75 RA-M025282 -w 

(RI) 400-1 Hazard Anal. Proc. I i q l !  ; 
-I_--- I- :::: :;: 
----- 

Alex Kale E;; Alex Kale 
------- 

r 8 / 2 4 / 7  NASA T r i p  ----- 

13.11% -Desk Ins t .  ( R I )  400-3 Safety I Trade S t .  

i3.12 1 R&S Desk I ns t .  (RI)  400-7 Hazard T rack iGProc .  I I j 
3.13 I R&S Desk I ns t .  ( R I )  200-1 RFP Proc. Pkg Prep. i k/LI ! 

3.151 Revision Not ice t o  JSC 10888C (Chg 2) 10 

i -I G;T -A- 

3 ~ ~ S y s . e ~ r e m n t s  f o r  Suppliers and Subcontractors -__- 
---- 
3.16 J Space Shu t t l e  Orbiter/System Integ. Cont. --- 
3.17 i A l t  P ro jec t  Safety Assessment 
3.181 S,R,M@A Provis ions f o r  SS NHB 5300-4(10-1) 
3.19 I Major Safety Concerns, Space Shut t le  Program 
- __---- 

1 1 - 7  
S Analysis Rpt, Vol. 111, Mech. System --]@- Elevon MC621-0014 (OV101) 

Cmts on Hazard Anal. CDR OV102 
OV-102 CDR S Anal. Qt, Vol. V 

-~ 
if : - 

t 194 C r i t i c a l i t i e s  
I 1 - - ~ -  

%/20/7 F. Elam (3.25 Rpt. Aerosurface Redun. Mgt f o r  SS H I  3/5/76 j j ;;;I- 9/1/7 Alex Kale 3.26 R6S Dask Ins t .  400-2 Safetyxquirements  

9/20/7 Bob White 3.27 I Hyd Subsystem Req'ts SD72-5H-0102-6 Rev. 1/3/77 ~ I i i i  
! 1 

- 
- 9/20/7 B o b W h l t e  3.28i CCB B r i e f i n g  8 HCR from W. Will iams MCR 4313 S f f / , 7 7  i5)d 

--- 
I I 
I 

-- 
Undetected Fai lures (Working papers) 

Pg's &16 I 2 7 ;  D1 100-2D 
Kale 13.33 OV102 OFT FMEA LDG/DECEL SD75-SH-0009A I ---- --- -- 

! , -  

P r i n tou t )  9/15/7 i i  
1 

I I 

1 3 / 2 7 / 7 .  Dol, W R i  t e  1 3 . 3 8 k  APU/lIYO Systems MCR 0653-R3 --- - -. ------ 



3.0 (Cont.) . 
, . \ \  

- SSHSA - - 
I 

10/2/7 Bob White [3.39 Minutes Hyd Servoact Des Rev 8/23/7 @ R I  f i l a  
10/11/7 Bob White 

10/11/7 Bob White '3.42) FIEA Moog SSME-TVC Servoact MR R-1970, Rev. B 7/20/7 1 i 1 i . 

9/12/7 Bob White 13.441 Minutes & PRCB D i r  f o r  Level I 1  PRCB/Sys Rev. Aug. 29, 177) 1 : ' - 

I l i l  
I l l  

I l l ! !  

-- 
13.40 Orb i te r  Tubing Cert TSR 9/30/77 w / l t r  ES2-587-77 

10/11/7 Bob White - -__ i3.41 O r b i t e r  Tubing Ver i f .  Plan SE 75-SH-0205A Oct. 76 

13.431 MCR 3 APU/Hyd Systems Rev. 4 10/11/7 Bob White 1/14/77 -- 
I 

I-- 

D a t e  and From I::!. j Docmen t I , 

1/18/8 5. Truelock 3.641 Special M A  f o r  O r b i t e r  Elevon Act 's 1/10/78 1 - 1  : I i 

i ' I  
-m8/8 S. Truelock ' ~ m r  F l u i d  Venting, TIR 5-2630-2692 1/18/77 I I I --- 

1/18/8 S. Truelock 
1/18/78 S. Truelock i 3.6 

3.6-nGdundancy o f  S t a t i c  Hyd F l u i d  Seals; 0-22 3/4/77 

Orb i te r  Nose L Main Ldg Gear Deployment; 0-17 6/28/76 ~ ---A_-. --- - ----- 
1/23/8 Wet G. 13.6 Actuator Control Plan SD-SH-0157 6 Chg -- ~ - -  
1/24/8 ---d-- Wes 6. ! 3 . 6 b C H L  - and OV-101 - Responseto Pump Ripple 
l /30/8 Bob White 13.701 Report, S t ruc tu ra l  Anal. Moog SE06, Rev. 

2/8/8 Bob White%' Elastomeric Seals Study fo r  S S E  Act. 12/3/76 I I  

ORB/R.I. Tech Status Rev. 1/19/78 

Flange; Servo Face; Leakage Control 
Analysic Rpt. (SSK-TVC) M)OG 7/20/77 - I 

_-________ ------- 
! 3 / 3 / 8  Steve Tx .=C-0770 .  Vol. X Rel i  Req'ts & DevIWaivers Authorized 
I 1 . 

' I  



Date and From Document DOC 
' I O .  

~~ ~ ~~ ~ ~~ ~~~~ ~~ ~. 

3/13/8 Steve T. 13.76 Major Safety Concerns Space Shut t le  Proqram 2/17/78 I JdCOb9bF I 
' 3/23/8 Steve T. (3.77 JSC-07700, Vol. X, Para. 3.4.4.1 (pg's  3-91 t o  93; 107 ko \ lOb) \  1 
1 

3/24/8 Bob W. 
4/6/8 Bob W. 

. _  I 1 

3.78 Orb i ta l  F l t  Test, SD76-SH-0022, Vol. 3 2/24/78 
3.79 Aerosurface Servo Amp/Act Integ. Testing JSC-13816 1/78 

4/28/8 Bob W. 
5/15/8 Bob W. 

3.80 R.I. Req. fo r  App. of APU Poten t ia l  Ig.  Tenps 4/19/78 
3.81 Minutes ORB Level I11 CCB 4/10/78 I 

5/26/8 Bob W. 
6/2/8 Bob W. 

170 

- . . -  

3.831 Orb i te r  Brake Tests - ER 4668 7/26/77 
3.84 L t r  t o  NASA Dr.  Will iams Hyd Review Action I tems  5/22/p8 i 

I 

e 

. .  c ' 6/7/$ Bob W. 3.85 JSC Review o f  MDC Hyd Assess$i.Problem L i s t  6/78 I l l 1  
6/7/8 Bob W. 3.86 JSC Review Request o f  MDC Assessmnt Concerns o f  Dec. 47 '6 j2 /p8  

- 6/14/8 Bob W. 3.87 Minutes L PRCB Div's f o r  Spec. Lev. I1 PRCB I : 541 6/7$ 

7/6/8 Bob W. 
7/12/8 F. Slemner 

3.88 MAC DAC Hyd Assessment Review ( R . I . )  7/5/78 ! I  
3.89 S e l l e r  Config. Baseline Doc, Moos 4/28/78 , I  

1 1  

t 1 ' 1  
I : !  

! ; I  
r i j  
I ! ! ,  
! i l l -  
! i l l  

! !  
I !  

S t '  

t i l l  



4.0 
L 

- SSHSA - . -  

L I 
4 1  '4.1 R/SB HVM 3rd Rev. Sund/RI/NASA @ Moog 7. 8. 9 Sep 77 i j . I ,  ~- - 9/21/7 Jim C. 

9/21/7 Jim C. 4.3 Moog CDR, R I D  Mater ia l  Usage Rationales 8/30/77 
9/21/7 J i m  C. 4.4 R/SD HVM b fg  Review Notes (undated) __ 
9/21/7 Jim C. 4.5 I Data & RJg. Rev.,Moog Hyd Valve Mod, Conts 9/2/77 I i ! 

:9/21/7 J i m  C. 
9/21/7 J i m  C. 
9/21/7 J i m  C. 4.8 R I D  M-E-63, A07905 Retainer, Threaded (ND) L w w '  ! ! I 
9/21/7 Jim C. 

9/29/7 Jim C 
11/8/7 J i m  C. 4.12) Data on A l t  F l i g h t  5 Landing Memo 11/3/77 

9/21/7 Jim C. 4.2 Moog CDR, R I D  E l e c t  Ave Marking 9/7/77 , l # i l  

-. 

14.61 Minutes, Sp. Level I 1  PRCB, SRO CIL Reg. Cha 9/6/77 1 1 ! I 
' 4 .7 ;  R I D  JSC-1, Lack o f  Stress Anal/Test Data 7/27/7 TYC -- 

4.9 RID 483043-CDR-B001, Lee J e t  B a r r i e r  8/10/7 
9/29/7 J i m  C 4.10) OV102 TCS Heater Status Aug. 10, 77 I I ! I i  

1 I l i d  I 1  

4.11 I F a i l  Det & IS0 (FDI) Cert Elevons & R/SB 

I ,  

Date and From I 

. 2/23/8 J i m  C. 4.171 Contaminated T i l e  Vib. Tpst 
5/23/8 Jim C. 4.18 f Longi tudinal  Control 

4.191 Aerosurface Hinge Mom. & 
I 

-- 7/6/78 Jim C. 

Documn t 

1 7 1  

I*.h. """ - - 



I -  

, 1/31/8 -_-- Geo. B u t l e r  15.33!.CIL f o r  SRB SE019-127-2H Nov. 77 

, 2/27/78 Geo. B u t l e r K 3 4  S.R-,B. Problem Report Sumnary Fpb. 12,1978 
SRB Problem Report Sumnary Mar. 13, 1978 -- - 

Ver i f i ca t ion  Vib. Test Report HR 73300073 4/15/71 - 
Leakage Charts (Flow vs. Pressure) (undated) 

Problem Report Sumnary April 24, 1978 
L- - 

-1 I 5.51 SRB TVC Overal l  System Test Requirements 10/1/76 

1 1 1  
I +-It 

I I I , 

! ! i  
I I !  

~ O / i 6 / 7 - & ~  Low Turbine Speed SRB 13/21223 --. Sundstrand . Jul 27, - --I I I , , , 77 
10/10/7 Geo B u t l e r  15.15; APU Fai led  t o  S t a r t  SRB 11/21215 Sundstrand J u l  25, 77-1 

10/17/7 Geo B u t l e r  15.16; SRB Problem Report S u m r v  Oct. 7. 77 -r-F-I-;- I 
--_ -- 

1 0 / 2 0 / 7  Geo B u t l e r  i 5 . 1 7 m - C E I  Spec, P a r t  I C P O l ~ ~ 0 0 0 0 B  Apr 18, 77 
-4 

1 2 0 / 7  Geo Butl&-l5.18! SRB Ver i f .  Plan SE-016-019-2H. Rev. A Jun 2, 77 i l ! i i /  
-b--c--i 1 10/20/7 Geo B u t l e r  , m 9 1  MSFC B & QA m o r  SRB SE-020-005-W Oct. 12, 7 6 7  i 1 ------ - "- 

i i / 8 / 7  Walt J 
11/8/7 Walt 3. (5.211 Moog FMEA/CIL MR R-2200, Sec. 3 & 5 Rev. 

7 5.201 Abex FMEA Pmp, Hyd Var Del Rev. 6/8/76 

' 11/14/7 Geo 'But le r  I5.22T SRB Problem Report Sumnary Ni.-8, 1977 
1~1717  Moog T r i p  i ~ ~ i / ~ i ~ t o m e r i c  =study - ~ F E  Act. MR E-2299 12/3/76 -- 
12/21/7 Zack T. i 5.24i MFSC-PROC-166D Cleaning, Testing, etc. Hyd's 2 / 7 / 6 r  

_c__ F -/? Geo B u t l e r  15-25; SRB Problem Report Smmary Dec. 12, 77 

Test Events; R.I. I ! L ,  
1/12/8 Walt J. 15.30! F K A  f o r  SRB SE 019-054-2HD Rev. C Nov. 1977 
1/23/B Y a l t  J. i 5.31j Hazard . A n z i r f o r  the SRB SE-019-101-2H 
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C.2 SRB DRAWING LIST 
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TITLE . DRAWING M E R  - 
052-79267 . stop. spool 
093-7924 PIn End Cap 

091-79287 Retainer. Plug, Threaded 

091-79922 Bearing. Plvot Sprlng k a t  

130-98561 Plston D I f f  Pressure Transducer 

110-98562 Sprlng Conpresslon. Hc l lc r l  

11 1 - 9 B W  

111-98565 

013-98569 

091-98570 

k a t .  Spring D i f f  Pressure Transducer 

k a t .  Spring D i f f  Pressure Transducer 

End Cap D l f f  Pressure Transducer 

Retainer. Threaded D i f f  Pressure Transducer - 
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1. 

2. 

Check L i s t s  
f o r  

Space Shut t le  Hydraulics 
0 

Par t  I 
Def in i  ti on 

Purpose - To a i d  i n  the review o f  the space s h u t t l e  hydraul ic  system and 
i d e n t i f y  problems o f  design, manufacturing contro l  o r  inadequate tes t i ng  
t h a t  could r e s u l t  i n  a Category 1 fa i l u re .  

C i  rcums tances 1 eadi ng t o  a f a i  1 ure : 

Fai lures are presumed t o  r e s u l t  from: 
a. Poor design pract ices o r  f a i l u r e  t o  an t ic ipa te  and proper ly  account f o r  

r e a l  operating condi ti ons . 
b. Inadequate manufacturing controls o r  f ab r i ca t i on  errors.  
c. Q u a l i f i c a t i o n  and acceptance tests  which do no t  i d e n t i f y  design weaknesses 

or improperly made parts. 

- 

Fai lures r e s u l t i n g  from these causes may develop i n  a shor t  o r  long time. 
To be considered Category 1 they must r e s u l t  i n  a catastrophic s i t u a t i o n  by 
themselves or  i n  combination w i t h  a p r i o r  undetected fa i l u re .  
f a i l u r e  w i l l  be considered a s ing le  p o i n t  f a i l u r e  where.a design def ic iency 
i s  t yp i ca l  i n  a l l  three redundant systems. 

A generic 
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Part I1 8 

I Fai 1 ure Modes of Components 

1. Major loss of system f l u i d  
o Rupture of f l u i d  containers 

Pressure surges 
Intergranular corrosion 
P1 ugged drai ns 

o Failure of a seal 
o Failure o f  t u b i n g  o r  f i t t i n g  connections 

2. Component ceases t o  operate 
o Jamned by fo re ign  material 
o Loss of seal a l ters  forces 
o Spr ing  failure a l ters  forces 
o Thermal shock causes b i n d i n g  
o Failure of attachments (bol ts /nuts)  
o Plugged filters o r  orifices 
o Structural fai  1 ure of components 
o Short L/D of pistons causes lockup 
o Electrical interface failure 

I 

3. Component operates e r ra t i  cal ly* 
o 
o Failure of a seal 
o Deformation of a sealing or metering metal surface - 

o Plugged passages 
o 
o Galling 

High internal friction r e s u l t i n g  from d i r t  or  b ind ing  

Excessive wear of metal parts 

8 Actuators f l u i d  containers valves lines and pumps/mtors 
* Slm or  out-of-tolerance response. 
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Reminder Check L i s t  

I) 

1. Packings 
Backups 
Entrance Chamfer & f i n i s h  
Leakage - major 
Leakage - minor 
Permanent s e t  
Re dun dan cy 

2. Envi ronment 
High Tenperature 
Thermal condi ti oni ng - 
Low Temperature 
Thermal shock 
V i  b r a t i  on 
H umi d i  ty 
Sal t W a ter/Atmos phere 
Breathing due t o  a1 ti tude 
E f f e c t  o f  condensation 

Sheet 2 o f  6 

5. Q u a l i f i c a t i o n  Test ing 
Operating condi t ions 
Total  cycles and time 
Envi ronments 
Proper i n s  t r u m n t a t i o n  

' Transducers tl recorders 

6. Acceptance Test ing 
Operating condi t i ons 
Tota l  cycles and t i m e  
Environments 

7. Mater ia ls 
Sui t ab i  1 i ty 
Hardness 
Strength 
Galvanic corros i  on 

Space vacuum ef fects  8. Conventional Design 

3. Freedom o f  motion 
T igh t  f i t  
Loose f i t  
Load def  1 e c t i  on 
Thermal expansion 
F r i  c t i  on 
Contamination 
Gal 15 ng 

4. F lu id  

Pressure surges 
Viscos i ty  
Con t a m i  n a t i  on 
Conpa ti b i  1 i ty 

214 

9. F lu id  Lines 

Supports 
F i  tti ngs 
Mater ia ls 
Servi  ceabi 1 i ty 

Compliance w i t h  s t ruct .  defl. 

10. Redundancy 

Backup sys te rn  
Separation o f  sys tems 
D i f f e ren t  source of power, 

e.g. e l e c t r i c ,  ordnance, 
pneumati c gravi  ty 

i 
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11. Service History  
A i  rl i nes 
A i  rcraf t /spacecraf t  manufacturers 
M i  1 i tary  
NASA/space systems 
tlanufacturers - component test ing 1 aboratories 

b 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Design Check L i s t  
t 

Consider loads, energy, operating time, s e n s i t i v i t y .  Establ ish sa t is fac to ry  
operat i  on under Extreme Condi ti ons : temperature, humi d i  ty , corros i  on, 
v ibrat ion,  voltage, wind, d i r t ,  ice. 

Provide optimum Safety under misuse o r  fa i lu re .  

Minimize Stress Concentrations. 

Consider the e f f e c t s  o f  Deflect ions and Fr ict ion.  

- 
Components which receive L i m i t  Loads Each Time they are used, i .e. a rms  t i n g  
gear, catapul t  gear, and par ts  o f  the landing gear, must be invest igated 
c r i t i c a l l y  f o r  Stress Concentration and Stress Levels and must demonstrate 
reasonable service l i f e  by Fatigue Testing. 

Prevent I n c o r r e c t  Connections through design conf i  gurat i  on. Ensure t h a t  
designs are "Murphy Proof" by c o n t r o l l i n g  conf igurat ion t o  prevent inadvertent 
assembly t h a t  causes damage o r  malfunction. 

Any essent ia l  service ( landing gear, a r res t ing  hook, f laps,  etc.) s h a l l  have 
an Al ternate Method o f  Actuation. 

Provide adequate seal ing t o  prevent the entrance of Foreign Materials. 

Stops - Parts designed as stops o r  absorbers o f  s tore energy must n o t  d e f l e c t  
s u f f i c i e n t l y  t o  cause malfunction. 

D i  s t o r t i  on o f  par ts  due t o  pressure, thread loads, manufacturing 1101 ding 1 oads , 
gasket loads, in ter ference f i t s ,  etc., must be considered. 

Crossed Lines and Controls - Every e f f o r t  s h a l l  be made t o  assure t h a t  i t  w i l l  
be physi cal ly'impossi b l e  t o  i n c o r r e c t l y  i n s t a l  1 cables , levers , cranks, 
hydraul ic  l ines,  or any other par ts  t h a t  can cause malfunction, 0 
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0 12. 

13. 

14, 

15. 

16, 

17. 

18. 

19. 

20. 

A I  r Bleeding - P.rovi si on mus 

Sheet 5 of 6 

be made for bleeding brakes and o ther  systems 
where displaced volume is less than l i n e  volume and where the presence of 
a i r  could cause malfunction. 

Gasket S t a t i c  Seal I n s t a l l a t i o n  should be designed i n  accordance w i t h  accepted 
pract ices ,  

- Face &ea1 &Rings should be backed w i t h  backup r ing  o r  equivalent. 

Face Seal Deflection - Cover plate deflections under maximum operating pressure 
i n  combination w i t h  out-of-flatness of the mating faces must not expose the 
face s e a l  t o  extrusion gapping i n  excess of 0.004 inch, f o r  an O-ring w i t h  
backup. For unbacked s t a t i c  s e a t  O-rings, extrusion gapping must not exceed 
0,0005 inch, 

0-Ring Packing I n s t a l l a t i o n s  should be designed i n  accordance w i t h  mi l i ta ry  
standards. Where los s  of O-ring will allow external  leakage, provide b a r r i e r  
seal , 

Corrosion Protect ion a t  Packings - A l l  pa r t s  which slide across packings should 
be smooth, chrome-plated, hard-anodized, o r  be of corrosion-resis tant  material. 
Packing grooves and s t a t i c  seal glands should be s imi l a r ly  protected o r  plated 
anodized. 

Corrosion Resistance - Materials , surface coatings,  and material  combinations 
must provide s u i t a b l e  corrosion resistance, both ins ide  and outside. 

Aluminum Alloy Mating Par t s  should not be used i n  bearings or  i n  frequently 
used threads. (Example: Reservoir f i l ler  plug.) 

Case tlardeninq - Latches , cams , t r i gge r s ,  and s i m i l a r  pa r t s  subject t o  possible 
wear w i t h  h igh  bearing pressure should be hardened t o  Rockwell 39-N 76 minimum 
or q u i  Val en t . 
Avoid P ipe  Threads. 
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22. Retainer o r  Snap Rings shal l  n o t  be used where r i n g  failure could allow blow- Q 
apart  of the u n i t ,  or  where end-play could allow failure of s ea l s  or other 
parts.  

23. Standard Designs 
a. Torque Notations of Joints - Wrench torque for preload should be specif ied 

on the fol lowing joints: 
1. Face seal joints  
2. 

b. Orif ices  - Must be la rger  than maximum f i l t r a t i o n .  
must be larger than .090. 
Flexible Hose Spec4 f i  cations - Per MI L-ti-5440. 
Line Clams Spacing - Line-clamp maximum spacing is  specif ied i n  MIL-H-5440. 
Mount f i t t i n g s  and valves close t o  supports. 

Any special  j o i n t  r e q u i r i n g  preload 
Unfiltered o r i f i ce s  

C. 

d. 

24. Crossed Lines and Controls - Every e f f o r t  sha l l  be made t o  assure t h a t  i t  will 
be physically impossible t o  incorrect ly  instal l  cables,  levers, bellcranks,  
hydraulic lines or any other parts t h a t  can cause malfunction. a 

25. -- Test Notes - Each production u n i t  of a hydraulic assembly must be tested. Test  
notes s h a l l  be specif ied on the assembly drawing o r  test  requirements document. 

. 
26. Do not locate hydraulic f i t t i n g  bostes on forging plane. 

27. Select forging materials not  susceptible t o  stress corrosion. 

28. Expansion type p lugs  (Lee p lugs )  should have backup retention where f l u i d  loss 
results i n  c r i t i c a l  sa fe ty  condition. 
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Par t  I11 
? *  Sys tern I n f  1 uence on Component Fai 1 ure 

1. H o w  can systems be designed t o  to le ra te  component fa i lures?, 

2. Does the system create operating condit ions which cause component fa i l u res?  

3. Minimize connections. 

4. Pressure surges from rap id  valve operation and actuat ing cy l lnders bottoming. 

Semi  ce and Maintenance 

1. Consolidate modules t o  provide fewest disconnections i n  vehicle. 

2. Provide d r i p  pans t o  c o l l e c t  f l u i d  during serv ic ing  operations. 
s t r i nge rs  and bulkheads t o  d i r e c t  drippings and condensate t o  selected loca- 
tion.) 

(Seal skins, 

3. Provide pro tec t ive  shields, bo& and lubr ica tors  t o  prevent contamination o f  
s l i d i n g  and r o t a t i n g  equipment. 



? ADDENDUM 

1. 

2. 

3. 

HYDRAULIC SYSTEM ASSESSMENT 
WATER SPRAY BOILER 

WATER SPRAY BOILER ASSESSMENT 

SCOPE 

A group of 37'drawings and specifications was supplied to Douglas Aircraft Com- 
pany in late June  1978. This was too late for them to be included in the final report in 
Washington, D.C. or in the main body of this report. 

The assessment of the water spray boiler is confined to the components directly 
associated with the hydraulic power system and to its effect, as a whole, on the 
power system. The main areas of concern are the spray boiler heat exchanger and 
the hydraulic bypass and relief valve. 

- 

FAILURE EFFECTS 

Each hydraulic power system has its own water spray boiler, and there is no func- 
tional connection between them. For this reason, the single failure points that  exist 
affect only one hydraulic power system and cannot cause a Criticality Category 1 
condition. The three water spray boilers are installed near each other just aft of 
bulkhead 1307. A single catastrophic event such as an explosion could therefore 
damage more than one of them. This would result in a Criticality Category 1 condi- 
tion. 

HEAT EXCHANGER, WATER SPRAY BOILER 

The entire heat exchanger construction is of good quality materials assembled by 
conventional methods. The design appears to be good and suitable for the purpose. 
Development, qualification, and acceptance testing requirements seem adequate. 
The probability of major or minor hydraulic leakage seems low because of the type 
of construction used. The 1/8-inch-diameter hydraulic tubes are  necked down to 
about three-fourths of their normal diameter (approximately 0.075 inch) at  about 2- 
inch intervals. Because of the large number of tubes, the blockage of a significant 
number of them by contaminants does not seem likely to occur. These small tubes 
appear to  be adequately supported, and vibration should not cause problems. The 
heat exchanger is unlikely to cause hydraulic system problems. 



4. HYDRAULIC BYPASS AND RELIEF VALVE 

The bypass and relief valve is made of materials which are suitable for the purpose. 
The seal SV766536-1 is made of filled Teflon and is not a conventional hydraulic 
design. It may nevertheless be satisfactory for this valve. The Hamilton Standard 
Specification SVHS 7312 specifies allowable leakages in terms of scdsec of helium 
and “X” pph. These would be better if specified in terms of cubic centimeters or 
drops in a specific time period, which is conventional hydraulic practice. The design 
appears to be good for this application. 

. 
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